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Adult neurogenesis is the process of birth of neurons in mature brains. It happens in 
particular in two regions of the brain - the subventricular zone (SVZ) of the lateral 
ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) in the 
hippocampus. The hippocampal neurogenesis is the main interest of this thesis. 
Voluntary running is known as one inducer that can markedly enhance hippocampal 
neurogenesis. Theta rhythm is commonly observed in hippocampus when animals are 
engaged in active motor behavior such as running. There was evidence showing that 
the medial septum area (MSA) is involved in modulation of oscillation of theta 
rhythm. Previous findings indicate involvement of Sonic hedgehog in running 
induced neurogenesis. This study demonstrates that theta driven electrical stimulation 
(7Hz) in the MSA can synchronize theta rhythm in hippocampal CA1, and resulting a 
substantial increase of DG neural progenitor proliferation. Yet, administration of 
cyclopamine-an antagonist targeting sonic hedgehog (shh), in a dose that has no 
influence on hippocampal theta synchronization and baseline neurogenesis, blocked 
this effect. These results support the hypothesis that running-evoked hippocampal 
theta rhythm, and the subsequent release of Shh via septohippocampal pathway gives 
rise to the increase in hippocampal neurogenesis.  
Studies were then carried out to establish optogenetic animal models for the 
functional investigation of hippocampal neurogenesis. Genetic codes of light sensitive 
proteins were successfully inserted to the pMSCVneo viral vector and under the 
control of a neuron specific promoter, CamKII. Viruses containing this construct 
were used to transduce DG proliferating cells. The expression of the opsin proteins 
was observed from the fourth week after first injection and expression was restricted 
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to young mature neurons.  The working time frame for behavior studies was 4 to at 
least 10 weeks. Five ms pulse duration, 1 Hz yellow light stimulation blocked high 
frequency stimulation (HFS) induced long time potentiation (LTP) in the brain slice 
from NpHR transduced animal, and hence was adopted as light stimulation protocol 
in behavior studies. 
This study is the first application of the MSCV retroviral expression system for 
precise optogenetic control in freely moving animals. Adult born DG neurons were 
selectively manipulated, which is a major advantage of this study. Cognitive functions 
of these newborn neurons were examined in various behavior paradigms. Results 
showed that switching off the adult born neurons will impair short-term contextual 
fear acquisition and learning in tone-trace-shock association. This study also implied 
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Many mammalian organs, such as skin, blood, and gut have replicating cells that 
contribute to self-repair throughout life.  Unlike them, mammalian brain was thought 
to be a fixed system. The long accepted dogma stated that brain was unable to 
generate any new cells after the completion of postnatal development and “neurons 
once died will die irrevocably” (Ramon y Cajal et al., 1991). However, findings in 
recent decades challenge this old saying with vast evidence showing that neurogenesis 
does happen in adult brain. There exist two discrete neurogenic areas, the 
subventricular zone (SVZ) of the lateral ventricle (Reynolds and Weiss, 1992) and the 
subgranular zone (SGZ) of the hippocampus (Palmer et al., 1997), that continue 
producing new neurons throughout life. Neurogenesis comprises many complex 
processes. In the SVZ, newly produced neurons migrate through the rostral migratory 
stream (RMS) to the olfactory bulb and differentiate to inhibitory neurons (Doetsch et 
al., 1999) whereas in the SGZ, newborn neuronal precursors migrate into the granule 
cell layer (GCL) and mature into functionally excitatory neurons. All processes are 
tightly regulated by many intrinsic and extrinsic factors. In this thesis, the 





The hippocampus is a seahorse-like structure located deep in the medial temporal lobe 
of the brain. The general layout of the hippocampus is well conserved in mammalian 
species, from hedgehog to human. The hippocampus proper comprises dentate gyrus 
and a series of cornu ammonis areas, namely CA3, CA1 and a minor CA2 zone in 
between. The dentate gyrus is where neurogenesis occurs. It consists of three layers: 
the molecular, granular and polymorphic cell layer. The only principal cells are the 
granule cells in the middle layer, receiving direct input from the entorhinal cortex 
(EC). The subiculum (Sb) lies between the CA1 and the entorhinal cortex. 
In basic hippocampal circuitry (Fig. 1-1), the dentate gyrus granule cells collect 
information via the perforant path (PP) from the EC layer II and pass on to CA3 
pyramidal cells through their axons, namely the mossy fibers (MF). Then, CA3 axons, 
also  known as the Schaffer collaterals (SC), loop up and project to CA1 cells. There 
is also a distinct projection from layer III of EC directly to CA1. Pyramidal cells of 
CA1 project to the subiculum and deep layers of the EC. The subiculum is the final 
stage in the pathway, combining information from the CA1 projection and EC layer 
III to send information along the output pathways of the hippocampus to the EC.  
The hippocampus also receives diverse subcortical inputs, including from amygdala, 
thalamus, medial septum and the diagonal band of Broca. The medial septum is the 
central node of the theta system, which is an oscillatory pattern in EEG signals 
recorded at hippocampus during locomotion, and rapid eye movement (REM) sleep 
(Buzsaki et al., 1990). In the rat hippocampus, theta rhythm ranges from 3 to 12 Hz, 
and episodes of theta activity generally last for many seconds (Bland and Oddie, 2001; 
Buzsaki, 2002). The septohippocampal pathway that is associated with the 
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hippocampal theta rhythm will be further examined in Chapter 3. 
 
 




Young adult rats can produce approximately 9,000 new cells in the dentate gyrus each 
day (Cameron and McKay, 2001). Many of them die during development but some of 
them survive to become neurons and functionally integrate into the existing neuronal 
circuits. To appreciate neurogenesis, firstly we need to know how it happens. 
Hippocampal neurogenesis is a multi-step process consisting of proliferation of 
progenitor cells, differentiation and migration of fate committed immature neurons, 
and synaptic connection formation and finally, integration into the nervous system. 
The precursor cells of the dentate gyrus reside in the SGZ, which is defined as a 
narrow layer including the basal cell band of the granule cell layer and a two-cell 
width area into the hilus. Type I and type II cells were found to have proliferative 
capacity to undergo mitosis. Type I cells, the quiescent neural progenitor, 
morphologically similar to radial glia, branch massively into the granular cell layer 
(Garcia et al., 2004; Seri et al., 2001). They are immunopositive for precursor cell 
















astrocytic marker protein, GFAP (Filippov et al., 2003). Although type I cells possess 
GABA and glutamate receptors, they receive no synaptic inputs (Wang et al., 2005). 
They were suggested to undergo asymmetric division, giving rise to one daughter cell 
and one transient amplifying type II cell (Encinas et al., 2006; Kempermann et al., 
2004). Type II cells are mostly seen in clusters along the SGZ. They are mitotically 
very active, and can frequently be labeled with 5-bromo-2'-deoxyuridine (BrdU) 
(Encinas et al., 2006). Stem cell markers Nestin and SOX2, but not astrocytic marker 
GFAP are expressed by these cells.  
Cells generated by type II cells are type III cells or neuroblasts. They have already 
committed to lineage specialization and exited the mitotic cell cycle (Steiner et al., 
2006). Expression of Nestin and SOX2 has ceased in these cells, yet a microtubule-
associated protein, doublecortin (DCX) (Couillard-Despres et al., 2005; Plumpe et al., 
2006), and early neuronal marker, Prox1 (Brandt et al., 2003), are expressed. 
Neuroblasts further migrate into inner cell layers and face an intense selection phase 
over a 22-day period (Dayer et al., 2003), during which half of the newborn cells will 
undergo programmed cell death (Biebl et al., 2000).  
Rapid dendrite and axon formation takes place over the next 4 weeks, which are 
generally identified as the immature stage of neuronal development (Ambrogini et al., 
2004a; Brandt et al., 2003). Axons elongate into the hilus and reach out to the CA3 
region and build proper connections within the first two weeks (Hastings and Gould, 
1999; Markakis and Gage, 1999). During this period, young immature neurons exhibit 
high input resistance and low membrane capacitance and receive only GABAergic 
inputs (Ge et al., 2006). In the following two weeks, dendrites of these cells spread 
out deeper into the molecular cell layer and a peak of dendritic spine growth was 
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detected at this stage (Zhao et al., 2006). Immature neurons, which showed only 
depolarizing GABAergic synaptic inputs at younger stages, now also receive 
glutamatergic synaptic inputs from the entorhinal cortex. In vivo patch-clamp 
electrophysiological recordings of these immature granule cells revealed progressive 
increases in capacitance and decreases in input resistance and resting membrane 
potential (Ambrogini et al., 2004a). The neuronal marker NeuN is detected in these 
cells (Ambrogini et al., 2004a). Seven to eight weeks after birth, new granule cells 
finally display electrophysiological, synaptic, and morphological features similar to 
mature granule cell and are functionally integrated into the hippocampal circuitry (van 
Praag et al., 2002).  
Distinguishing features across the stages of neurogenesis allow clear identification of 
the various phases of neural stem cell development. Table 1 summarizes the 
hallmarks of the process of neurogenesis with respect to marker expression, 
morphology and electrophysiological properties. 
Table 1-1. Hallmark of the process of neurogenesis 
 Type I cells Type II cells Type III cells or neuroblasts Immature neurons 
Mature 
neurons 
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al., 2008); BLBP (Steiner et al., 2006), Ki67 (Scholzen and Gerdes, 2000), NeuroD1 (Miyata et al., 
1999), Tuj1 (Memberg and Hall, 1995), Map2ab (Soltani et al., 2005), Calretinin (Brandt et al., 2003), 








Intensive studies have been carried out to elucidate the mechanism of neurogenesis 
over the past few decades and many regulators were identified. Every step in 
neurogenesis is tightly regulated based on the demands of the surrounding 
environment. Intrinsic regulators include a number of morphogens, growth factors, 
and neurotransmitters. Summaries of the modulatory effects of intrinsic factors as 
well as the corresponding methods of investigation are presented in Table 1-2. 
1.4.1.1. Morphogens  
	
During development, a number of morphogens provide extracellular signals for 
regulating the maintenance, proliferation, and neuronal fate determination of the 
dentate gyrus stem cells. For example, intracerebral infusion of Notch ligands 
increased proliferation of precursor cells in adult rat (Androutsellis-Theotokis et al., 
2006). Abrogation of Notch in mice biased cells from Type I to Type II, indicating 
that Notch functions to maintain glial progenitor cells (Breunig et al., 2007). Notch 
KO mice showed deficiency in dendritic arborization, showing that Notch also 
regulates the dendritic morphology in newborn cells (Breunig et al., 2007). Viral 
delivery of sonic hedgehog (Shh) in the hippocampus increases stem cell proliferation 
both in vivo and in vitro (Lai et al., 2003). Wnt3 proteins were found to be crucial in 
promoting the number of immature neurons in adult mice (Lie et al., 2005). Reduction 
of proliferation and survival of newborn dentate gyrus cells were found in bone 
morphogenetic protein (BMP) overexpressed mice (Gobeske et al., 2009) and the 
endogenous BMP4 antagonist Noggin significantly decreased the number of BrdU 





Various growth factors regulate hippocampal DG function from early embryonic 
development to postnatal adulthood (Ozawa et al., 1996). They circulate through the 
intact blood system and have crucial roles in maintenance of neurogenesis. For 
instance, epidermal growth factor (EGF) and basic fibroblast growth factor (FGF-2) 
are common supplements in cell culture media to promote proliferation and survival 
of dissociated cells from the hippocampus in vitro (Palmer et al., 1995; Ray et al., 
1993). With respect to the functions of FGF, some studies found 
intracerebroventricular (i.c.v.) infusion of FGF-2 did not alter the number of newborn 
cells in the SGZ (Kuhn et al., 1997) while other results suggested an approximately 
25% increase in hippocampal neurogenesis in adult mice and an even more 
exaggerated increase of 250% in aged mice (Jin et al., 2003). Insulin-like growth 
factor 1 (IGF-1) also has a positive effect on proliferation, differentiation, and 
survival of newborn granule cells (Aberg et al., 2000; Aberg et al., 2003). AAV-
mediated viral delivery of brain-derived neurotrophic factor (BDNF) upregulated 
neurogenesis (Henry et al., 2007) whereas BDNF heterozygous mice (BDNF+/-) did 
not exhibit the augmentation of neurogenesis normally seen after environmental 
enrichment (Rossi et al., 2006). Therapeutic application of these factors may 
contribute to treatment of brain injury or rescue of age-related neuronal loss. 
1.4.1.3. Neurotransmitters 
	
Another important subset of molecules that regulate neurogenesis is neurotransmitters. 
GABAergic and glutamatergic inputs regulate newborn neurons to become mature 
precisely in the order of excitatory GABA, excitatory glutamate and inhibitory GABA 
(Esposito et al., 2005). Glutamatergic input initially inhibits cell proliferation at the 
quiescent neural stem cell stage (Nacher et al., 2007) and later becomes essential for 
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neuronal survival in the immature stage (Tashiro et al., 2006). Type II progenitors in 
the SGZ receive GABAergic inputs and such inputs promote neuronal differentiation 
(Tozuka et al., 2005). In support, other studies showed that administration of a GABA 
receptor agonist stimulated dendritic growth in immature stage (Ge et al., 2006). 
Serotonin also regulates neurogenesis. Depletion of serotonin (5-HT) caused a 
reduction of hippocampal stem cell proliferation in the adult rat (Brezun and Daszuta, 
1999), and increase of 5-HT availability at the synapses by inhibiting its transporter 
can increase the proliferative capacity of stem cells only in aged but not young mice 
(Schmitt et al., 2007). Selective serotonin reuptake inhibitor (SSRIs) can produce 
antidepressant-like effects and mostly upregulate neurogenesis (Holick et al., 2008) 
 
Table 1-2. Intrinsic factors that regulate hippocampal neurogenesis 
















i.c.v Notch ligands; +   
(Androutsellis-
Theotokis et al., 
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Inducible gain of-function of 
Notch1 mice + +  
(Breunig et al., 
2007) 
- Loss-of-function of Notch1 mice -   
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Sox-2 - Sox2 (-/-) mice -   (Favaro et al., 2009) 










factor (NGF) + i.c.v NGF infusion   + 
(Frielingsdorf et al., 
2007) 
Insulin-like 
growth factor 1 
(IGF1) 
+ Peripheral IGF-I administration + + + 
(Aberg et al., 2000; 





In vitro FGF-2 
administration; in vivo FGF-
2 infusion; FGF-2 (+/+) mice 
+   
(Jin et al., 2003; 
Palmer et al., 1995; 
Yoshimura et al., 
2001; Yoshimura et 
al., 2003) 
i.c.v. FGF-2 infusion =   (Kuhn et al., 1997) 




i.c.v FGF-2 infusion  + + (Rai et al., 2007) 




+ EGF infusion in hippocampus = 
+glia, -





AAV-mediated delivery of 
BDNF + + + (Henry et al., 2007) 
Intrahippocampal infusion   + (Scharfman et al., 2005) 












Administration of agonists; 
Aged 5-HTT KO mice +   
(Banasr et al., 2004) 
(Schmitt et al., 2007) 
Young adult 5-HTT KO 





the 5-HT depleting drug p-
chlorophenylalanine (pCPA)
 -  
(Banasr et al., 2004; 
Lauder and Krebs, 
1978) 
Intracisternal administration 
of the serotonergic 
neurotoxin 
-  = (Ueda et al., 2005) 
Selective lesions of 5-
hydroxytryptamine neurons = = = (Jha et al., 2006) 
Inhibition of 5-
hydroxytryptamine 
synthesis, selective lesions of 
5-hydroxytryptamine 
neurons 
-   (Brezun and Daszuta, 1999) 
Glutamate 
+ Electrophysiological excitatory stimuli  
+Neur
on + 
(Deisseroth et al., 
2004) 
- 
Lesion of the entorhinal 
cortex +   
(Cameron et al., 
1995) 
NMDA receptor antagonist   + (Cameron et al., 1995) 
Retrovirus-mediated, single-
cell NMDAR gene knockout   + (Tashiro et al., 2006) 
GABA 
+ GABAergic excitation  +  (Tozuka et al., 2005) 
- GABA-A receptor (+/-) mice  - - (Earnheart et al., 2007) 
Norepinephrine - Selective noradrenergic neurotoxin - = = 




Agonist of D2L receptors +   (Hoglinger et al., 2004) 
Treatment with dopamine 
D2/D3 receptor agonist =  = 
(Milosevic et al., 
2007) 
- Dopamine depletion; Parkinson’s disease model -   




Systemic administration of 
the cholinergic agonist +  
Short-
term 
(Mohapel et al., 
2005) 
Acetylcholinesterase 
inhibitor = = + (Kotani et al., 2006) 
- Neurotoxic lesion of forebrain cholinergic input -   
(Mohapel et al., 
2005) 





Estradiol treatment +   (Perez-Martin et al., 2003) 
17-beta estradiol treatment  + + 
(Li et al., 2011; 
Mazzucco et al., 
2006) 
- Antagonist of estrogen receptor -   
(Perez-Martin et al., 
2003) 
Glucocorticoid + Subcutaneous injections of -   (Cameron and 
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corticosterone Gould, 1994; Gould 
et al., 1991) 




Cilia cell  Cilia KO mice; +  + (Breunig et al., 2008; Han et al., 2008b) 





Besides intrinsic regulations, many environmental inducers can affect the proliferative 
ability as well as the survival of newly generated granule cells. Systemic contributions 
of external stimuli make the underlying mechanisms rather elusive. They may involve 
various intrinsic controls, which will ultimately balance each other to yield stable 
effects. Widely accepted external factors, which are able to enhance hippocampal 
neurogenesis, are hippocampal-dependent learning, exercise, antidepressant treatment 
and environmental enrichment. Both hippocampal-dependent learning and 
environmental enrichment can influence survival of newborn cells. Exercise and 
antidepressant treatment promote neurogenesis not only by enhancing the 
proliferation rate but also the survival rate (Duman et al., 2001; Malberg et al., 2000; 
van Praag et al., 1999b). On the other hand, however, factors such as aging and stress 
will cause considerable decline of neurogenesis. Here, only hippocampal-dependent 
learning, exercise, environmental enrichment, aging and stress are addressed, as they 
are more relevant to the present research. A summary is given in Table 1-3. 
1.4.2.1. Hippocampal‐dependent learning  
	
A significant number of new cells (about 9,000) are generated in the hippocampus 
each day. However, only half of them can survive to become functional neurons. 
Certain stimuli are required to prevent them undergoing apoptosis. Hippocampal-
dependent learning is one of such stimuli. It can enhance neurogenesis in a way that it 
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rescues the existing cells from death rather than producing new cells (Anderson et al., 
2011). Hippocampal-dependent trace eye blink conditioning and spatial water-maze 
training elevated the number of newly generated neurons in the dentate gyrus whereas 
non-hippocampal-dependent delayed eye blink conditioning and cue-maze training 
did not alter the numbers of new granule neurons (Gould et al., 1999a). Moreover, 
time points of hippocampal activation also matter. It was suggested that 6 to 10 days 
after cell birth, which is the early immature stage, is a critical time period for the 
learning-induced rescuing effect (Anderson et al., 2011; Epp et al., 2007). Yet, not all 
types of hippocampal-dependent learning can replicate this effect (Shors et al., 2002). 
The difficulty of tasks also determines the survival rate of newborn neurons (Curlik 
and Shors, 2011; Dalla et al., 2009). The more effort it takes to learn, the more cells 
that will be retained. Interestingly, despite the increased survival rate of the existing 
one-week old immature neurons, new cells that were produced during the training 
period were less likely to survive (Ambrogini et al., 2004b; Anderson et al., 2011; 
Dupret et al., 2007). This tradeoff helps balance the total number of granule cells in 
the dentate gyrus.  
Mechanisms of learning-increased neurogenesis were broadly studied. It was reported 
that the learning-induced neurogenesis would be impaired under insufficient sleep 
(Hairston et al., 2005). A functional circadian system was required independent of 
sleep and its influence on learning may be exerted via cyclic GABA output (Ruby et 
al., 2008). Other neurotransmitters such as glutamate and serotonin were also 
suggested to play a role in hippocampal-dependent learning (Adams et al., 2001; 
Harrell and Allan, 2003; Sarnyai et al., 2000). Notably, regulatory mechanisms are 






A substantial (near two-fold) increase of hippocampal newborn cell proliferation was 
detected in animals with free access to running wheels (Kronenberg et al., 2006; van 
Praag et al., 1999b). Even forced treadmill running, which only allows running for a 
limited time, has a similar influence on neurogenesis (Uda et al., 2006). Type II 
progenitor cells are specifically responsive to running induced proliferation 
(Kronenberg et al., 2003). Acute experiments revealed that 24 hours of running is 
sufficient to increase the population of type II cells (Steiner et al., 2008). Cell 
proliferation reached a peak at 3 days of running, and returned to the baseline level 
after 32 days of continued running (Kronenberg et al., 2006). Running enhances long-
term potentiation in the DG (van Praag et al., 1999a), which is considered to be 
associated with learning and memory (Neves et al., 2008). Behavioral experiments 
showed that exercise can improve spatial learning in the water maze (van Praag et al., 
1999a; van Praag et al., 2005), radial armed maze (Anderson et al., 2000), Y-maze 
(Van der Borght et al., 2007) and also enhance performance in a spatial pattern 
separation task (Creer et al., 2010). 
The mechanism of exercise-induced neurogenesis has been widely examined. Many 
growth factors as well as some morphogens were considered promising candidates for 
the mediation of exercise-induced neurogenesis (see Table 1-3). Though the actual 
mechanism is still hotly debated, the robust effect of simple exercise is broadly 
recognized. The underlying mechanism of running-induced neurogenesis will be 





Both environmental enrichment (EE) and running-induced neurogenesis are exclusive 
to dentate gyrus and not the other neurogenic region, the SVZ (Brown et al., 2003). 
EE was found to effectively promote hippocampal neurogenesis, not by altering the 
baseline proliferation rate (Kempermann et al., 1997; Nilsson et al., 1999), but instead 
by rescuing cells from spontaneous apoptotic cell death (Young et al., 1999), similar 
to hippocampal-dependent learning to this extent. EE-promoted survival is selective 
for neurons and can significantly attenuate age-related decline of neurogenesis 
(Kempermann et al., 2002; Kempermann et al., 1998). More importantly, such 
environmental conditions induced high cerebral resistance to insults (Young et al., 
1999). A study comparing neurogenesis in mice under continued EE versus early EE 
stimulation followed by withdrawal from EE implied that novelty is more essential 
than exposure time to elicit the environmental effects on adult hippocampal 
neurogenesis (Kempermann and Gage, 1999). Enriched animals exhibit improved 
performance in hippocampal-dependent tasks such as Morris water maze (Falkenberg 
et al., 1992; Leggio et al., 2005; Williams et al., 2001) and radial maze (Leggio et al., 
2005) and those improvements were commonly considered to be related to elevated 
hippocampal neurogenesis. Yet, still other findings argued that hippocampal 
neurogenesis is not required for behavioral effects of environmental enrichment 
(Meshi et al., 2006).  
EE most frequently comprises larger housing, more social interaction, increased 
physical exercise opportunities and stimulation of novel objects. It presents as a 
complex stimulus because of involvement of voluntary exercise and expanded 
learning activity, both well known to up regulate hippocampal neurogenesis. Studies 
trying to identify contributions from single factors in the EE to the overall increased 
neurogenesis were generally designed with groups of animals that have running 
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wheels access only, task training and learning only, and complete EE. The increase in 
neurogenesis was comparable between enriched animals and runners, demonstrating 
that voluntary exercise alone is sufficient for adult hippocampal neurogenesis increase 
(van Praag et al., 1999b). Recent studies that isolated exercise/running from EE found 
that running might be the key element in EE that contributed to neurogenesis as well 
as spatial learning improvement (Kobilo et al., 2011; Mustroph et al., 2012). Some 
findings on the other hand suggested dissociation of the pathways for running-induced 
neurogenesis and EE-induced neurogenesis, stressing that the former increased 
proliferation and the later promoted survival (Olson et al., 2006). 
1.4.2.4. Aging  
	
Aging is one prominent (probably the most prominent) factor that causes decreases in 
neurogenesis in rodents (Kuhn et al., 1996), as well as primates (Eriksson et al., 1998; 
Gould et al., 1999b). It was reported that there is a more than 90% reduction of BrdU 
labeled cells in the SGZ of aged animals (McDonald and Wojtowicz, 2005). Further 
investigation showed that with no alteration to neural stem/progenitor cell number, 
decrease of proliferation is instead due to the increased quiescence of NSCs 
(Hattiangady and Shetty, 2008) and delayed early neuronal maturation and dendritic 
growth (Rao et al., 2005). Synaptic contacts, synaptic strength, and plasticity are 
greatly reduced in senescence, which is in accordance with the impaired spatial 
learning performance (Geinisman et al., 1986; Geinisman et al., 1992; Nicholson et al., 
2004; Sametsky et al., 2010; Smith et al., 2000), though some findings showed that 
the lower rate of neurogenesis in aging was still sufficient for trace fear learning in 
12-month-old rats (Cuppini et al., 2006). As aging is a systemic process, the 
underlying mechanisms of reduced neurogenesis are complicated. Systemic factors 
such as exercise (Kronenberg et al., 2006; van Praag et al., 2005), long term EE 
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(Kempermann et al., 2002), intracerebroventricular infusion of growth factors such as 
IGF-1 (Lichtenwalner et al., 2001), FGF-2 (Jin et al., 2003), HB-EGF (Jin et al., 2003) 
can ameliorate aging-induced decline of neurogenesis.  
1.4.2.5. Stress and depression 
	
Stress is another important factor that negatively regulates neurogenesis. Acute 
stressful experiences, which are often associated with elevated circulating levels of 
glucocorticoids (Tanapat et al., 1998), inhibit the proliferation of granule cell 
precursors (Gould et al., 1998; Gould et al., 1990) and are stressor dependent 
(Thomas et al., 2006). Even chronic restraint stress can cause atrophy of apical 
dendrites of CA3 pyramidal neurons (Watanabe et al., 1992) and also suppress 
proliferation of granule cells (Pham et al., 2003).  
Depression, which is characterized by a state of low mood and aversion to engaging 
in activities, affects people worldwide. Some patients with major depressive disorder 
show a dysfunction of the hypothalamic-pituitary axis (Holsboer and Barden, 1996), 
which controls stress responses (Kudielka et al., 2004). Stress and aging, both able to 
induce reduction in neurogenesis, are commonly considered as key risk factors in 
depression. Successful antidepressant treatments are normally associated with 
elevated hippocampal neurogenesis (Anacker et al., 2011; Malberg et al., 2000), 
which leads to the postulation that adult hippocampal neurogenesis is more likely a 
substrate for the behavioral effects of antidepressants than a pivotal contributor to the 
etiology of depression (Sahay and Hen, 2007). Interestingly, a recent research found 
that when confronting stressors, neurogenesis-deficient mice are more likely to get 
depressed, implying that there exists a small subset of neurons in the dentate gyrus 
actually critical for developing depressive illness (Snyder et al., 2011).  
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Although the causal link between reduced neurogenesis and stress remains elusive, 
medications targeting the regulatory factors known to up regulate hippocampal 
neurogenesis do effectively alleviate the symptoms of stress- or aging-related 
depression. Varieties of commercial antidepressants are selective serotonin reuptake 
inhibitors (SSRIs), e.g. fluoxetine (Prozac) and paroxetine (Paxil, Seroxat), and 
serotonin–norepinephrine reuptake inhibitors (SNRIs) e.g. duloxetine (Cymbalta) and 
venlafaxine (Effexor). They will help to prevent the reuptake of serotonin or 
norepinephrine or both, which are all involved in the regulation of neurogenesis (see 
in Table 1-2). Targeting growth factors such as IGF-1 can also reduce HPA axis 
dysfunction and increase plasma estradiol levels and reduce stress-related behaviors 
in prenatally stressed rats (Darnaudery et al., 2006).  
Table 1-3. External factors that regulate hippocampal neurogenesis 
 Proliferation 
Surv
ival Possible mechanism 
Hippocampal-
dependent learning  + 
GABA (Ruby et al., 2008); NMDA (Adams et al., 2001); Serotonin (Harrell and 
Allan, 2003; Sarnyai et al., 2000); BDNF (Monteggia et al., 2004) 
Exercise + + 
BMP (Gobeske et al., 2009); NMDA (Kitamura et al., 2003); IGF (Chen and 
Russo-Neustadt, 2007; Trejo et al., 2008); Vascular endothelial growth factor 






BDNF (Falkenberg et al., 1992; Rossi et al., 2006); GABA and glutamate (He et 
al., 2010; Segovia et al., 2006); Serotonin (Ueda et al., 2005); Calmodulin (Zhong 
et al., 2009); NGF (Pham et al., 1999a; Pham et al., 1999b) 
Aging - - 
Blood-borne factors, Chemokine (Villeda et al., 2011); corticosteroids (Cameron 
and McKay, 1999; Lupien et al., 1998; Montaron et al., 2006); transforming 
growth factor β1 (TGFβ1) (Buckwalter et al., 2006); dehydroepiandrosterone 
(DHEA) (Karishma and Herbert, 2002); IGF-1, FGF-2, VEGF (Shetty et al., 
2005); 







Neurodegenerative diseases are due to the progressive loss of principal neurons, 
including structural change and neuronal death. Well-known neurodegenerative 
diseases including Parkinson’s and Alzheimer’s disease affect over 36 million people 
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worldwide, most of whom are beyond 50 years old (Gao et al., 2012), hence 
beneficial therapeutic developments are in deep demand. The most efficient way to 
repair is to restore the neuronal loss. Two straightforward strategies to replace the lost 
neurons are either by transplanting stem cells to the impaired structure and monitoring 
their development into fully functional neurons, or by stimulating intrinsic self-repair 
at the desired place. Despite the technological obstacles, knowledge of intrinsic adult 
neurogenesis is primarily fundamental. Endogenous adult neurogenesis offers hope to 
therapeutic development in neurodegenerative diseases not by its name that 
‘neurogenesis’ is essentially the reverse of ‘neurodegeneration’, but by setting up a 
successful model which displays how newborn cells migrate, differentiate and finally 
integrate into the existing neuronal circuitry without disrupting it. People can learn to 
culture neural stem cells in vitro and deliberately manipulate them for better 
understanding of their functions. Main regulatory factors that are identified to be 
crucial for endogenous neurogenesis process could in addition be the potential targets 
for treatment. Endogenous neurogenic niches are restricted to SGZ and SVZ. Studies 
in those areas will provide profound information on what are the neurogenesis-
favored microenvironments, hence, help to realize intrinsic self-stimulated neuronal 
generation in other non-neurogenic regions. 
Stem cell therapy is quite promising because neural stem cells possesses the potential 
to differentiate into a variety of cell types that can treat different diseases (Clarke et 
al., 2000). Intensive studies have been carried out for this purpose. The first isolation 
of neural progenitor and stem cells was made twenty years ago from the adult striatal 
tissue, including the SVZ, of mice (Reynolds and Weiss, 1992). And in the same year, 
another group of researchers generated a stable multipotent neural cell line via 
retrovirus-mediated v-myc transfer (Ryder et al., 1990) into the cerebellar progenitor 
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cells and observed functional integration after transplanting them back into 
cerebellum of newborn mice (Snyder et al., 1992). Later on, neural stem cells were 
successfully isolated from humans (Vescovi et al., 1999). Moreover, effective 
replacements of dopaminergic neurons were achieved in rodent and primate models of 
Parkinson’s disease following neural stem cell graft (Kim et al., 2002; Svendsen et al., 
1997; Takagi et al., 2005). Other neuronal disorders benefited from stem cell 
treatments as well (Kordower et al., 1997; Lee et al., 2005; Xu et al., 2006; Yan et al., 
2006; Zhao et al., 2002). 
Excitingly, neurogenesis can also be induced in non-neurogenic area (Magavi et al., 
2000) and molecular mechanisms underlying the induced neurogenesis exhibit 
similarities to developmental neurogenesis (Sohur et al., 2012), implying that self-




Considerable clinical trials have been made on patients suffering from 
neurodegenerative disorders (Lindvall and Kokaia, 2006; Lindvall et al., 2004). 
Prolonged survival of grafted cells can normalize striatal dopamine release in PD 
patients (Piccini et al., 1999), and reverse the impairment of cortical activation 
underlying akinesia (Piccini et al., 2000), but due to the graft-induced dyskinesias in a 
subgroup of patients, this cell therapy is far from optimal and cannot be adopted as a 
common treatment (Politis and Lindvall, 2012).  
There are a lot of risk factors to be emphasized (Herberts et al., 2011). After all, the 
inexhaustible productivity of stem cells can potentially lead to tumorigenesis in vivo. 
Precise genetic modifications or other systemic controls of stem cells and their 
19	
	
progeny will be required to regulate their proliferation, survival, migration, and 
differentiation in the pathological environment. All of these depend heavily on a 




Newborn immature neurons in the dentate gyrus exhibit greater neuroplasticity 
(Schmidt-Hieber et al., 2004) and hence were considered crucially responsible for 
hippocampal processing of new information. Even after they have matured, new 
granule cells are likely to behave differently in response to particular environmental 
cues (Treves and Rolls, 1992). In the hippocampal formation of the rat, more than one 
million dentate gyrus granule cells receive input from approximately 200,000 
entorhinal cortical pyramidal cells and project to about 330,000 CA3 pyramidal cells 
(Amaral et al., 1990). Trains of spikes in dentate granule cells can effectively 
discharge populations of CA3 cells via such direct and powerful projections (Henze et 
al., 2002), which implies that even a sparse activation, i.e. only the activation of 
newborn neurons in the dentate gyrus can have a marked impact on the pattern of cell 
firing in CA3 and hence downstream behavioral outputs. Consistently, when animals 
are exposed to certain environmental stimuli, only small subsets of granule cells are 
activated (Chawla et al., 2005), and responsive cells are different depending on the 
stimuli that have been provided (Aimone et al., 2006; Jung and McNaughton, 1993). 
Hence, newly generated granule cells should have significant functional implications 
in hippocampal functions and that could possibly be reflected through the precise 







The hippocampus is famous for its function in learning and memory formation. 
Newborn cells in the hippocampal dentate gyrus, although they comprise a relatively 
small population, are hyperactive. Although the function of adult-born hippocampal 
neurons remains inconclusive, it has been proposed that they have particular roles in 
spatial learning, which has been repeatedly tested in the Morris water maze (Dupret et 
al., 2008; Snyder et al., 2005; Zhang et al., 2008) and in contextual fear conditioning 
(Saxe et al., 2006). Consistently, they are thought to be responsible for short-term 
memory encoding such as trace memory formation (Shors et al., 2001). Recently, DG 
neurogenesis was highlighted to be crucial for pattern separation (Clelland et al., 2009; 
Leutgeb et al., 2007), an ability to discriminate fine distinction between similar events. 
To this time, the behavioral function of these newly generated cells remains hotly 






As summarized in Table 1-2, methods used in studying the regulation of neurogenesis 
include ligand studies with agonist or antagonist, neurotoxin-induced lesions, 
electrophysiological stimulation and transgenic models. 
For temporal control by introduction of exogenous ligands, the biophysical properties 
of the ligands could be a limitation with respect to its efficacy for crossing the 
mammalian blood–brain barrier, as well as the binding kinetics for the engineered 
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receptor within the complex tissue environment. Besides, not all endogenous neuronal 
firing depends on the presence or absence of a ligand.  
The major problem in studies subjected to neurotoxin-induced lesion is that this 
process is not reversible, so a functional restoration study may be difficult. 
Electrophysiological stimulation provides some regional specificity, but is hardly a 
fine technique, and lacks specificity regarding cell types. Stimulating adjacent 
neurons and fibers in passage are potentially unavoidable. With respect to transgenic 
models, it must be kept in mind that most of the intrinsic regulators exist prevalently 
in all brain regions. Their function may not be restricted to the hippocampus. 
Therefore simple knockout of certain regulatory factor may cause unwanted side 
effect for neurogenesis investigation. Caution should also be taken with transgenic 
models that have inborn deficiencies of certain regulatory factors, because they may 
suffer overall systemic abnormality or developmental compensation. Inducible 
expression of the transgene is a better approach if regionally specific knockdown can 




One commonly adopted strategy to investigate the role of hippocampal neurogenesis 
is to test whether selective ablation of newborn granule cells can alter performance in 
a specific behavioral paradigm. Frequently used techniques for the deprivation of 
neurogenesis include toxin-induced ablation, gamma- or X-irradiation, and generation 
of specific transgenic animals.  
Toxin-induced ablation can hardly be specific. It may potentially affect other regions 
of the brain or even the whole organism. For example, methylazoxymethanol acetate 
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(MAM), which is one of the drugs that is commonly applied for neurogenesis lesions 
(Shors et al., 2001; Shors et al., 2002), is a DNA-alkylating agent that can block DNA 
synthesis but one should not neglect the fact that it is also carcinogenic (Matsushima 
et al., 1979; Sieber et al., 1980; Yu et al., 1983). In studies using this drug, animals 
were subjected to chronic administration via subcutaneous injection over a period of 
time, and hence may have systematic alteration in overall health. One study pointed 
out that only a partial reduction of adult-generated cells in the DG could be achieved 
at a dose that did not affect overall health (Dupret et al., 2005). Hence, precautions are 
required before drawing conclusions from behavioral results obtained by toxin-
induced lesion. 
Gamma- or X-irradiation is an effective therapeutic method applied in cancer 
treatments because of its ability to impair cell genesis. As for hippocampal 
neurogenesis, irradiation-induced apoptosis peaked 12 h after irradiation, and 
proliferating SGZ cells were reduced by 93–96%; immature neurons were decreased 
from 40 to 60% two days after irradiation in a dose-dependent manner (Mizumatsu et 
al., 2003). Despite of the effectiveness, it is not exclusively selective for neurogenesis. 
Focal irradiation of the brain at the position of the dentate gyrus causes restricted 
influence at the irradiation location, and hence is an improvement over MAM-
treatment, but still interferes with the proliferation of microglial (Mizumatsu et al., 
2003; Monje et al., 2002) and vascular smooth muscle cells (Heckenkamp et al., 2004; 
Milliat et al., 2006) in addition to neurogenesis. Furthermore, high dose irradiation 
induced ablation of neurogenesis is not good for functional studies because it cannot 
be reversed. Though there are reports demonstrating that neurogenesis could be 
restored at low dose exposures, it took at least one month after subjecting the animals 
23	
	
to a single irradiation at 4 Gy (Ben Abdallah et al., 2007) and one week after single 
exposure at 2 Gy (Kim et al., 2008).  
Genetic modifications are potentially the most precise and accurate method to create 
selective ablation of DG neurogenesis. The primary advantage of this technique is that 
it can target a specific cell population instead of targeting all dividing cells as in 
traditional methods (O'Kane and Moffat, 1992). This is realized by using cell specific 
promoters to restrict the manipulation to certain cell types, for examples, GFAP 
promoter for progenitor cells, DCX to target immature neurons. However, most 
transgenic models are restricted to mice. Development of this technique in rats and 
higher primates, which are closer to human, is more difficult. One major drawback in 
using transgenic models for functional study is that manipulation, although cell type 
specific, is regardless of spatial distribution. Diverse functions of newly generated 
cells along the dorsal-ventral or anterior-posterior axis of the hippocampus may be 
difficult to access with this approach. And likewise, reversibility is low with this 
method. 
To sum up, drug-induced ablation of neurogenesis is not specific and may cause 
systemic illness whereas irradiation impairs granule cell birth although attain some 
locational accuracy still lack specificity. Genetic manipulation, while it seems to the 
best approach to achieve specificity, may neglect the functional difference with 
respect to location. All three methods under most circumstances are irreversible 
although exceptions exist.  
In the next part, I am going to introduce a newly developed technique, which achieves 
precise and specific manipulation of cells in a temporal and reversible fashion. This 
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new approach overcomes almost all of the abovementioned problems that existed in 







Optogenetics is an emerging technique that has been developed within the last ten 
years. It introduces optical control to genetically targeted cells in brain tissues of 
intact animals. Certain type of opsin is transduced under cell specific promoters.  
Optical control either activates or silences neurons depending on the opsins that are 
being expressed. The commonly used types of opsins for neuronal activation and 
silencing are channelrhodopsins (i.e. ChR1, ChR2, VChR1, SFOs) and halorhodopsin 
(NpHR), respectively. Channelrhodopsins are light-gated cation channels, which will 
allow inflow of ions, including H+, Na+, K+ and Ca2+ when exposed to blue lights, 
with maximum absorption and action spectrum reached at 480nm (Nagel et al., 2003). 
NpHR is a light-driven chloride pump, which allows influx of chloride when 
receiving yellow light stimulation (594nm), and hence was employed to silence 




The discovery of opsins laid the foundation to optogenetics. In 1971, 
bacteriorhodopsin, which acted as a single-component ion pump that can be briefly 
activated by photons of green light, was reported (Oesterhelt and Stoeckenius, 1971). 
Its homologous molecule, halorhodopsin, a chloride-specific ion pump, was later 
identified in 1977 (Matsuno-Yagi and Mukohata, 1977; Schobert and Lanyi, 1982) 
and with structures well characterized in 2000 (Kolbe et al., 2000). They both use the 
energy of green/yellow light to pump in chloride, overcoming the membrane potential 
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in excitable cells and subsequently inhibit cellular processes. Channelrhodopsins were 
first found to be responsible for light-triggered movement in unicellular green algae 
(Sineshchekov et al., 2002).  It senses blue light and allows cation influx, which will 
cause depolarization to excite cells. Karl Deisseroth's group at Stanford University 
made the first successful application of optogenetics in a mammalian system with 
channelrhodopsin (Boyden et al., 2005). Ever since then, wide attention has been 
drawn to this technique, and more photosensitive proteins were developed in this field. 
Many functional studies were carried out using this approach. Lately, the crystal 
structure of the channelrhodopsin has been characterized (Kato et al., 2012). The 
optogenetic approach was awarded ‘method of the year 2010’ in Nature Neuroscience 




Two versions of the ChR2 sequence are commercially available, one unmodified and 
the other containing condons optimized for mammalian expression, which is called 
humanized ChR2 (hChR2) (Lin et al., 2009). Three point-mutants of hChR2 convert a 
brief pulse of light into a stable step in membrane potential thus producing a relatively 
enlarged and prolonged response to light stimulation (Schoenenberger et al., 2009). 
The site-directed mutagenesis is at the C128 position in ChR2 (Berndt et al., 2009). 
All of the three mutants are activated by blue (470nm) light and two of them-ChR2 
(C128A) and ChR2 (C128S) can be effectively terminated by a pulse of green (542nm) 






There are several versions of Halorhodopsin, and all have been optimized for 
mammalian expression. Enhanced version of NpHR (eNpHR), which is also referred 
as eNpHR 2.0, was modified by adding signaling peptides to improve membrane 
translocation and ER export for the purpose of reducing membrane blebbing or other 
toxicity at high levels of expression (Gradinaru et al., 2008).  
The third-generation of Halorhodopsin (eNpHR 3.0) (Liu and Tonegawa, 2010) is 
designed for a finer optical inhibition (nanoamp scale), which only requires low light 
power (<5 mW/mm2) to initiate chloride flow, and hence is very suitable for in vivo 
use. In addition, the stable step-like kinetic response can sustain over a few minutes, 
which is ideal for physiology or behavior applications. It is responsive to far-red light 




The key elements in optogenetic control comprise a successful gene construct that 
ensures the specificity, stable viral expression system for animal transduction, and 
laser-coupled fine optical fiber to transmit light.  
Firstly, opsin genes (ChR2 or NpHR) are cloned under a cell type specific promoter 
(for example, CamKII for neurons), followed by a reporter gene (EYFP) for 
detection. Through a viral packaging system (pLenti, AAV), respective viruses that 
contain the intact opsin expression system will then be produced. On the other hand, a 
guide cannula is implanted into the head of the experimental animal at the coordinates 
targeting the brain region of interest, and is tightly secured on the skull with 
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cranioplastic cement (Fig. 1-2). This guide cannula will be used for both viral delivery 
and optic fiber insertion. After viral transduction and expression of construct at the 
targeted region, light stimulation can be conducted to deliver light pulses at an 
optimized intensity and frequency to control photosensitive cells instantly, and finally 
behavioral performance of freely moving animals can be monitored. 
 






















Neuronal transmission happens only in milliseconds. Conventional manipulation of 
endogenous processes mostly involves drug administration, which is too slow as it is 
limited by the speed of drug absorption and circulation and may have a rather 
unnecessarily prolonged effect. Millisecond scale control of neurons by optogenetics 
is a fundamental advantage of this technique. The activation or inhibition is in 
millisecond precision, so that the expected response of cells is immediate upon 
stimulation, which mimics the actual neuronal transition speed.  
Another advantage of optogenetics is that the control is instant and more importantly 
reversible. As reviewed in previous parts, for functional studies, a great number of 
researches employed neurotoxin-induced depletion of neurogenesis, which is 
permanent and can hardly be reversed. Low dose irradiation caused ablation of 
neurogenesis, although it is potentially reversible at single exposure to low dose, it 
takes days or even months to return to baseline. The optogenetic approach, on the 
other hand, controls cell temporarily and since no damage has been done to the intact 
tissue during the process, simply switching off light stimulation or for example, 
giving green light stimulation to deactivate the activated ChR2 protein, can instantly 
erase the applied effect. Repeated tests can hence be carried out. 
In addition, the stimulation is cell type specific due to genetic modifications, which is 
a major advantage over common electrophysiological stimulation, in which 
stimulation is delivered locally and outspreaded to nearby areas regardless of cell 
types, and hence may cause side effects and ultimately lead to unreliable results. 
Moreover, the stimulation is also regional specific, therefore by altering the location 






Numerous papers related to optogenetics were released in top journals in recent years. 
With the use of successful transgenic mice models or viral infusion to the restricted 
areas, optogenetic studies have been widely applied to fundamental functional studies 
in various regions of the brain, such as ventral striatum (Witten et al., 2010), 
amygdala (Tye et al., 2011), medial prefrontal cortex (Yizhar et al., 2011), olfactory 
bulb (Bardy et al., 2010), hypothalamus (Rolls et al., 2011), and outside brain-spinal 
cord (Wyart et al., 2009) and heart (Arrenberg et al., 2010). Not only in rodents, it has 
made progress to primates as well (Berdyyeva and Reynolds, 2009; Diester et al., 
2011; Han et al., 2011). Most thrillingly, this technique has shed lights on a new 
direction for novel therapeutic development of clinical applications (Busskamp et al., 
2012; Sidor, 2012).  
Fundamental questions in a variety of neurological disorders were assessed with 
optogenetic approach. For instance, the research using direct optogenetic control in 
the basal ganglia circuitry presented first empirical evidence validating the long 
proposed theory that motor behavior is controlled by two parallel basal ganglia 
pathways – a ‘direct’ pathway to promote, ‘indirect’ pathway to inhibit locomotion - 
suggesting an effective therapeutic strategy for ameliorating parkinsonian motor 
deficits (Kravitz et al., 2010). Direct selective stimulation of afferent axons projecting 
to subthalamic nucleus can produce therapeutic effect similar to deep brain 
stimulation in Parkinson’s disease model (Gradinaru et al., 2009). Moreover, a well-
designed study of aggressive behavior revealed that attacks could be evoked with 
optogenetic activation of a specific subset of ventromedial hypothalamic neurons (Lin 
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et al., 2011). Reports about blindness due to neuronal loss (Busskamp et al., 2010), 
failure of respiration (Pagliardini et al., 2011) and neuropsychiatric sleep disorders 
(Adamantidis et al., 2007) are also available. 
Specific to the hippocampus, whole-cell recording in optical activated ChR2 labeled 
newborn granule cells directly showed that their axons establish synapses with 
interneurons, mossy cells and CA3 pyramidal cells (Toni et al., 2008). Optical 
reactivation of a subgroup of DG neurons that was active during fear conditioning are 
sufficient to recall fear memory and are context specific (Liu et al., 2012), implying 
that DG is important for encoding spatial memory. For inhibitory effect, one research 
demonstrated that NpHR can be introduced to principal cells of the hippocampus and 
cortex under the calcium/calmodulin-dependent protein kinase II alpha (CamKII) 
promoter and epileptiform activity was prevented during optical stimulations 
(Tonnesen et al., 2009). Consistently, another study elucidated the role of CA1 
excitatory neurons in the retrieval of remote memories by selectively suppressing 
them using eNpHR3.0 during fear conditioning acquisition or fear memory retrieval 







Chapter 2  
Aims of the study 
	
The main focus of this thesis is to shed some light on the mechanisms and functions 
of adult hippocampal neurogenesis. Adult neurogenesis has been a hot research topic 
in neuroscience ever since the first day it was validated through scientific research. 
The processes of neurogenesis are tightly regulated by exquisite endogenous 
machinery, which responds effectively to various factors in the external environment. 
Understanding such machinery will ultimately pave the way for the advancement of 
therapeutic treatments for neurodegenerative diseases.   
Many efforts have been devoted to illuminating the biological underpinnings of 
neurogenesis, attempting to elucidate some fundamental questions. For example, what 
are the intrinsic regulatory mechanisms in response to external stimuli? Are they 
inducer-dependent or is there an universal mechanism that functions as the basis of 
response to all the various external stimuli that can induce neurogenesis. Various 
external factors are known to affect neurogenesis. However, due to technical 
limitations, in most of the cases, we know only the net influences certain factors have 
on neurogenesis but remain largely ignorant of the underlying intrinsic mechanisms. 
Among them, running is one of the most efficient activities that have been shown to 
have the ability to promote cell proliferation in the adult hippocampal dentate gyrus. 
Though many prior works have been done with the purpose of elucidating the 




Another set of important questions in neurogenesis is why would adult hippocampal 
function require neurogenesis? How would new cells be different from mature 
neurons? And what are the functions of these new neurons? To addressing this kind of 
questions, the most straightforward and determinant approach is to directly 
manipulate the newborn neurons. The reliability of the established causal link will 
depend primarily on the specificity of the internal perturbation. Therefore, for such 
functional studies, a major challenge has been the cellular and temporal specificity of 
the manipulation technique.  
In general, there are two common strategies for the researches in neuroscience. One is 
to provide external stimulation and observe, record, and follow what alteration 
happens inside. By correlating the external stimulation with the internal alteration, 
researchers could as a result provide feasible explanations on what the underlying 
mechanisms are likely to be. The other research strategy is in the other direction, 
giving internal manipulations and testing whether the animals exhibit different 
patterns of behaviors. While the first strategy has made a great impact in last century 
due to the development of techniques such as immunohistochemistry, tracing, 
immunoblotting, the second strategy, however, still requires refinement and 
improvement. The recently developed optogenetic approach brings about quite a 
revolution in the second strategy. This technology combines genetic and optical 
methods, and thus is able to realize precise/specific and temporal control of the 
intrinsic processes. The precision it achieved is incomparable to any of the 
conventional methods.  
So, accordingly in this thesis, part of it sets as an objective to study the underlying 
mechanism of running-mediated neurogenesis. The hippocampus specific field 
activity, theta rhythm, is addressed and linked to the running-induced neurogenesis. 
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The underlying regulatory signaling pathway is explored. In the remainder of this 
thesis, efforts have been devoted to establishing optogenetic models, which are useful 
for studying the cognitive functions of the adult-born neurons. In vivo manipulation, 
which specifically targets newborn neurons, was conducted during several well-
established hippocampal-dependent behavior paradigms, in order to explore 
























Chapter 3  
Study of the mechanism of running-induced adult 




As previously mentioned, external stimuli such as running, environmental enrichment 
and antidepressant treatment can up-regulate neurogenesis. Interestingly, in a 
common environmental enrichment set up, running wheels are usually included. 
There have been researches suggesting that running might be the pivotal contribution 
factor in environmental enrichment induced hippocampal neurogenesis (Kobilo et al., 
2011; van Praag et al., 1999b). Moreover, it was suggested that running had similar 
anti-depression effect to alleviate depression (Blue, 1979; Huang et al., 2012). 
Therefore, the underlying mechanism of running-induced neurogenesis could be 
fundamental for the understanding of other external stimuli induced neurogenesis.  
It is well recognized that the simple behavior of running can elicit remarkable 
elevation of neurogenesis specifically in the SGZ, but not in the other neurogenic 
region the SVZ (Brown et al., 2003). Running benefits cellular and synaptic plasticity 
and facilitates whole brain functions in learning and memory. Though, considerable 
efforts have been made to elucidate the underlying mechanism of running-mediated 
proliferation of progenitor cells, the determinant molecules remain hotly debated. It 
was suggested that growth factors such as IGF-1, and VEGF (see Table 1-3) are the 
basic molecules in modulating running-induced neurogenesis. However, such growth 
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factors are unlikely to be the determinant molecules, because receptors of these 
ligands are widely spread in the brain, and upregulating the expression level of those 
growth factors will affect both neurogenic niches. In other words, the effects are 
unlikely to be specific to the dentate gyrus in the same manner as running-induced 
neurogenesis. In addition, the growth factors have to pass across the blood-brain 
barriers, where numerous joint endothelial cells were resided in a high concentration, 
in order to elicit functional impact. As previous researches have demonstrated that the 
endothelial cells alone can also increase neurogenesis (See in Table 1-2), one should 
not neglect their contribution in the process. 
  
Therefore, the key factor(s) responsible for activity-dependent progenitor proliferation 
should not be a systemic factor. Such key factor(s) should either reside in or be 
transported to the hippocampus and triggered by a brain activity that happens 
predominantly at the hippocampus but not the olfactory bulb/SVZ during the running 
behavior.  
Notably, there is one prevailing hippocampal field activity that simultaneously occurs 
with locomotion such as running, namely the hippocampal theta rhythm (Bland, 1986; 
Bland and Vanderwolf, 1972; O'Keefe and Dostrovsky, 1971; Oddie and Bland, 1998; 
Vanderwolf, 1969). Long-term observations revealed that even the speed of running is 
positively correlated with theta frequency and theta power of middle frequency (6.5-
9.5 Hz) (Li et al., 2012). In addition to its tight relationship with exercise, theta 
activity is also involved in many hippocampal functions that require neurogenesis. 
For example, theta synchrony is found particularly pronounced during learning and 
memory (Kahana et al., 2001; Olvera-Cortes et al., 2004; Vertes, 2005). It facilitates 
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potentiation of synaptic transmission hence is important for LTP induction (Bikbaev 
and Manahan-Vaughan, 2008). Recently, it is even suggested that the level of theta 
oscillations is capable of predicting new learning behavior and memory strength 
(Nokia et al., 2012; Rutishauser et al., 2010). Therefore, theta oscillation is an 
important field activity contributing to hippocampal functions, and to some extent, 
may bridge running and hippocampal neurogenesis.  
The brain region that has long been considered responsible for synchronizing the 
hippocampal theta rhythm is the medial septum and diagonal band of Broca (MSDB), 
which heavily innervates the hippocampus via the septohippocampal pathway 
(Andersen, 2007; Petsche et al., 1962; Smythe et al., 1992; Sotty et al., 2003). Since 
synchronous oscillation represents vigorous cellular communication, the 
septohippocampal pathway is therefore actively operating during physiological 
running.  
Septohippocampal neurons constitute three major projections with main transmitters 
Acetylcholine (ACh), GABA, and glutamate. It is hence rational to suspect that those 
classic neurotransmitters might be the key factor(s) in response to activity-induced 
neural proliferation. However, such suspicion has been demonstrated as unlikely by 
prior research findings. ACh signaling is important in learning and memory (Jones, 
2011), which is associated to neurogenesis. Yet, proliferative effects of running are 
not affected by reduction in cholinergic inputs (Ho et al., 2009). GABA and glutamate 
signaling, although known to regulate neurogenesis, engage more in post-mitotic 
stages of neurogenesis (see Table 1-2) and thus mainly affect neuronal survival. This 
is in accordance with previous reports that lesions of the medial septum lead to a 
decline in the survival of the newly generated neurons (Cooper-Kuhn et al., 2004; 
Van der Borght et al., 2005). Hence, based on the concurrency of running and 
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hippocampal theta generation, we postulate that running evokes hippocampal theta 
oscillations, and its pacemakers, the septohippocampal projections, are actively 
involved and possibly co-transmit non-classic neurotransmitter(s) as mitogenic 
factor(s) to the hippocampus, so as to induce subsequent granule progenitor 
proliferation.  
Based on this assumption, previously in our lab, Ho New Fei have done pioneer 
works to build connections between septohippocampal pathway and hippocampal 
neurogenesis in running models. The sonic hedgehog (Shh) signaling pathway was 
found active in runners. And running intensively upregulated Shh synthesis in the 
MSDB and Shh transduction protein expressions in the hippocampus, all indicating 
involvement of Shh in running mediated neural proliferation.  
Taken together, running-evoked theta oscillation could facilitate Shh transportation 
from the MSDB to hippocampal DG. And then Shh could elicit proliferative effects 
on DG granule progenitor cells. In this context, I shall review the septohippocampal 
system, especially the innervations of the hippocampal formation. Also, I will 




The septohippocampal projections originate in the medial septum and diagonal band 
of Broca (MSDB), which is one of the main components of the basal forebrain septal 
region. There are three major projections, specifically cholinergic (Lewis et al., 1967; 
Shute and Lewis, 1963), GABAergic (Freund and Antal, 1988; Gulyas et al., 1991; 
Kohler et al., 1984), and glutamatergic (Kohler et al., 1984; Manns et al., 2001) 
neurons sending axons from the MSDB to the hippocampus by way of the 
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fimbria/fornix. All three types of cells are mutually connected in the MSDB (Leranth 
and Frotscher, 1989; Manseau et al., 2005) 
The septohippocampal projections innervate all regions of the hippocampal proper, 
being particularly dense in the neurogenic dentate gyrus (Yoshida and Oka, 1995). 
Cholinergic inputs terminate at all types of hippocampal cells, including CA3 
pyramidal cells, granule cells, and interneurons (Frotscher and Leranth, 1985; Leranth 
and Frotscher, 1987), while GABAergic projections are exclusively to interneurons 
(Freund and Antal, 1988). One quarter of the septohippocampal neurons were 
estimated to be glutamatergic (Colom et al., 2005). They provide functional excitatory 
input to CA3 pyramidal cells (Huh et al., 2010). Unlike the direct excitation from 
cholinergic and glutamatergic neurons, GABAergic efferents selectively inhibit 
hippocampal inhibitory cells, so as to disinhibit pyramidal cells in net (Toth et al., 
1997).  
In return, suggested by anterograde tracing studies, a population of hippocampal 
interneurons and pyramidal cells project back to the MSDB (Alonso and Kohler, 1982; 
Gaykema et al., 1991b; Takacs et al., 2008; Toth and Freund, 1992). The hipposeptal 
afferents innervate GABAergic and, to a lesser extent, cholinergic cells in the MSDB, 
including neurons that project to the hippocampus (Gaykema et al., 1991a; Kiss et al., 
1990; Toth et al., 1993). 
It is evident that septohippocampal system plays multiple roles in learning and 
memory (Kelsey and Vargas, 1993; Mitchell et al., 1982; Pang et al., 2011), and is 
especially important for spatial memory consolidation (Easton et al., 2011; Lecourtier 
et al., 2011; Parfitt et al., 2012). Cholinergic depletion in the medial septum impaired 
induction and expression of long-term potentiation-an important index for synaptic 
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plasticity, in the hippocampal CA1 (Kanju et al., 2012). The septohippocampal 
pathway mediates pacemaker action of theta oscillations, which is also important in 
memory acquisition (Buzsaki, 2002). There was evidence showing that in theta-
deprived rats, a stable septal theta driving (7.7 Hz), provided not by reconnected 
neural activities but instead via a brain bypass, can restore partial learning ability in 
Morris water maze while uneven stimulation with an average frequency of 7.7 Hz 
failed to make any improvement (McNaughton et al., 2006). This paper implied a new 
perspective that constant rhythmicity is important for eliciting proper hippocampal 
function even though the neuronal connections were lost.  
 
1.2. Septohippocampal  pathway  and  hippocampal  theta 
rhythm 
	
The MSDB converges descending inputs from the mammillary nuclei (Kocsis and 
Vertes, 1994), supramammillry nucleus (Kirk and McNaughton, 1993; Kirk et al., 
1996; Pan and McNaughton, 2002), and hypothalamus (Bland and Oddie, 1998; 
Woodnorth et al., 2003)-structures that are involved in the theta generation, to reach 
hippocampus via the septohippocampal projections.  
Lesion of the MSDB abolished theta activity in the hippocampus, and such influence 
was much more specific to the CA1 field activity (Sainsbury and Bland, 1981). 
Selective ablation of the cholinergic and GABAergic inputs both attenuated theta 
production (Yoder and Pang, 2005), indicating that they independently contributed to 
theta generation. Micro-infusion of NMDA into apical dendrites of hippocampal CA1 
pyramidal cells or medial septum resulted in long lasting induction of theta synchrony, 
and such effect was reversed by administration of NMDA antagonist, implying that 
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glutamatergic projections form the third independent pathway capable of generating 
hippocampal field and cellular synchrony (Bland et al., 2007; Sotty et al., 2003).  
Firing patterns are distinct among three projection neurons. Cholinergic neurons 
exhibit a slow-firing pattern (Stewart and Fox, 1989), and contribute to modulate the 
magnitude of the theta waves (Lee et al., 1994). GABAergic firing is quick bursting, 
which is crucial for forming regular theta rhythm (Borhegyi et al., 2004). And the 
glutamatergic neurons have been shown to display slow- and cluster-firing properties 
with spontaneous spiking in theta-range frequencies (Huh et al., 2010; Sotty et al., 
2003).  
 
Hippocampal theta oscillation is commonly between 3-12 Hz in rats. Electric 
stimulations in the medial septum area can elicit hippocampal theta oscillation and 
they were driven best at frequencies within the 6–8 Hz range (Defrance et al., 2008). 
Plots relating threshold driving currents to stimulation frequency demonstrated a 
minimum at 7.7 Hz (James et al., 1977). Hence it is the easiest frequency to elicit 
theta oscillation. Frequencies fall out of 3-12 Hz range cannot evoke theta activity.  
 
1.3. Sonic  hedgehog,  the  septohippocampal  pathway,  and 
hippocampal neurogenesis  
	
Sonic hedgehog (Shh) belongs to the hedgehog family. As a morphogen, it plays a 
key role in embryonic development of both invertebrates and vertebrates (Marti and 
Bovolenta, 2002; Weed et al., 1997). In postnatal stages, Shh signaling remains 
important for maintenance of adult neurogenic niches (Ahn and Joyner, 2005; Han et 
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al., 2008a; Jiao and Chen, 2008; Lai et al., 2003; Machold et al., 2003b; Palma et al., 
2005). Abnormal Shh signaling has been implicated in the development of some 
cancers (Arsic et al., 2007; Taipale and Beachy, 2001; Thayer et al., 2003; Watkins et 
al., 2003). Due to its tonic stimulation of tumor cell production (Arsic et al., 2007; 
Blagosklonny et al., 2011; Zhao et al., 2009), regulators in the Shh signaling 
pathways have been targeted for cancer treatment (Liu et al., 2011; Sanchez et al., 
2004; Sanchez and Ruiz i Altaba, 2005).  
On the cellular level, Shh-binding protein-Patched (Ptc) (Marigo et al., 1996) 
represses Shh signaling pathway in the absence of Shh. When in the presence of Shh, 
Shh will bind to Ptc, then inactivated Ptc will subsequently disinhibit another Shh 
receptor Smoothened (Smo) (Stone et al., 1996; Taipale et al., 2002) and hence lead 
to dephosphorylation of Gli transcription factors-Gli1, Gli2, and Gli3, which will 
ultimately initiate transcription of downstream Shh-responsive molecules (Lum, 
2004). Gli1 is exclusively a transcriptional activator (Ruiz i Altaba, 1999), while Gli2 
and Gli3 have some repressor activities (Pan et al., 2006; Ruiz i Altaba et al., 2007; 
Wang et al., 2000). 
With respect to hippocampal neurogenesis, Lai et al, (Lai et al., 2003) found that 
fimbria-fornix lesions led to a decline in the number of hippocampal proliferative 
progenitor cells, and that injection of cyclopamine, a pharmacological antagonist of 
Shh signaling, into lesioned animals did not further reduce progenitor proliferation. 
This is the first evidence suggesting involvement of septohippocampal system in Shh-
regulated neural progenitor proliferation. In situ hybridization analysis revealed that 
Shh has main expression in forebrain structures and very little in the hippocampus, 
while its activation receptor Smo, is mainly expressed in the hippocampal dentate 
gyrus (Traiffort et al., 1999). These results suggest that the hippocampal DG has 
43	
	
abundant Shh transduction activities, however, due to the low synthesis level of Shh 
within the hippocampus, it probably requires import of Shh elsewhere.  
Recent findings in our lab (Ho., et al, paper in preparation) confirmed that Shh was 
expressed in all types of septohippocampal neurons, and mainly in GABAergic 
neurons. Real-time quantitative PCR and semi-quantitative immunoblotting showed 
that running upregulates Shh transcription in the MSDB and activates Gli gene 
transcriptional responses. However, after administration of cyclopamine, at a dose 
that did not impair baseline proliferation, running-induced increase in hippocampal 
progenitor cell proliferation was abrogated, so as the upregulated Shh-Gli expression. 





Based on the emerging evidence, several connections were demonstrated: 1) running 
and theta oscillation; 2) septohippocampal pathway and theta oscillation; 3) Shh 
signaling and septohippocampal pathway; 4) running, neurogenesis and Shh signaling. 
Hence, this study aims to investigate the remaining untouched links: 1) theta 
oscillation and neurogenesis, and 2) theta oscillation, neurogenesis and Shh signaling, 
in order to validate the hypothesis that running evokes hippocampal theta rhythm 
synchrony, and the subsequent release of Shh from the septohippocampal pathway 
gives rise to the granule progenitor proliferation.  
The following experiments closely examined this hypothesis with 
electrophysiological methods. As it was well established that septal theta-driven 
stimulation was able to induce hippocampal theta oscillations (Fox et al., 1986; Gray 
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and Ball, 1970), it was decided to apply electrical stimulation in the MSDB to drive 
hippocampal theta rhythm and use S-phase marker BrdU labeling to assess resultant 
hippocampal neurogenesis in the dentate gyrus. Further, we tested whether Shh was 
pivotal for such an effect by comparing neurogenesis under conditions 1) theta-driven 








Adult male Sprague-Dawley (SD) rats (8-10 weeks) were ordered from the Centre for 
Animal Resources (CARE), Singapore. The rats were housed in the Animal Holding 
Unit (AHU), National University of Singapore, under a 12-hour light: 12-hour dark 
cycle, with ad libitum access to food and water. They were housed in pair and allowed 
to habituate to their environment for 2 to 3 days before initiation of experiments. All 
animal procedures were conducted with approval from the Institutional Animal Care 
and Use Committee (IACUC), National University of Singapore, and were conducted 
in accordance with the “Guide for the Care and Use of Laboratory Animals” and the 
“Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral 
Research”, National Research Council, USA. 
Male SD rats (250-300 g) were randomly assigned to two groups: vehicle-treated and 
cyclopamine-treated. The vehicle was composed of 45% 2-hydroxylpropyl-β-
cyclodextrin (Tokyo Chemical Industry, Japan) in sterile phosphate buffered saline 
(PBS) (van den Brink et al., 2001). Cyclopamine (LC laboratories, Woburn, MA) 
solution was prepared by dissolving it in the vehicle at a concentration of 2 mg/ml 
with continual stirring at 60 ºC and occasional sonication until it dissolved. The rats 
received twice daily intraperitoneal injections of either the drug or an equivalent 
volume of solvent for 5 days. They then proceeded to the in vivo electrophysiology 




Initially, to determine the dosage of cyclopamine, varying dosages at 20 mg/kg/day, 




Adult male Sprague-Dawley (SD) rats (350-400g) were anaesthetized with 
intraperitoneal injection of chloral hydrate (400 mg/kg, Sigma-Aldrich, MO, USA), 
and placed in a stereotaxic frame with the skull exposed. Burr holes were made on the 
skull for placing bipolar stimulating and recording electrodes at the following co-
ordinates: dorsal medial septal area (MSA), AP–0.2 mm from bregma; V–6 mm 
below the skull surface; CA1 of dorsal hippocampus AP + 3.8 mm from bregma; 
ML+ 2.2 mm from the midline; V–2.5 mm from the dura. Their precise positions 
were adjusted to optimize evoked theta activity. Theta was evoked by delivering 6s-
train of monopolar pulses (7.7 Hz, 300 μs pulse width) with a 30 s interval between 
trains to the MSA. Non-theta driven control rats were stimulated with 23 seconds 
train of monopolar pulses (300 μs pulse width) at 2 Hz or 11 Hz and an inter-train 
interval of 13 seconds. They received the same number of pulses as the theta-driven 
rats. Stimulation was carried out for 20 min. The recording electrode at CA1 was 
connected to an amplifier (Dagan EX4-400 quad differential amplifier, Dagan 
Corporation, Minnesota, USA) with the activity filtered between 0.1 and 100 Hz and 
traces were stored on a computer for later analysis. The stimulation intensity varies 
from 200- according to response of individual rat and was provided by a Grass 
stimulator (S8800, Grass Technologies, RI, USA) through a stimulation isolation unit 






All animals were injected intraperitoneally with BrdU (300 mg/kg, Sigma-Aldrich) 
immediately after theta driving/sham stimulation to assess for newborn cells induced 
by stimulation. The animals were kept anaesthetized for two hours after BrdU 
administration and then transcardially perfused with 4% paraformaldehyde in 0.1 M 
of phosphate buffer (pH 7.4). The brains were extracted and post-fixed overnight in 
the fixative. The basal forebrains of the rats were then sectioned using a vibratome 
(Vibroslice, World Precision Instruments, Sarasota, FL) at a thickness of 40 μm and 
stored in phosphate buffered saline (PBS) at 4 °C until use for immunohistochemical 
assays. Immunofluoroscence staining was carried out on the free-floating sections. 
The sections were pretreated with 2 N HCl for 20 min at 37 °C before blocking in 10% 
goat serum for one hour. The primary antibodies used were rat monoclonal anti-BrdU 
(1:200, Accurate Chemical, Westbury, NY), and sections were incubated overnight at 
4°C on shaker. The secondary antibodies used were Cy2 goat anti-rat (1: 400, Jackson 
Immunoresearch West Grove, PA). The sections were mounted with Pro-Long anti-





BrdU-positive cells were counted in an area encompassing the entire granule cell 
layer (superior and inferior blades), and extending approximately two cell layer 
widths deep into the hilus (SGZ). Cells that were located more than two cells away 
from the SGZ were classified as in the hilar and were excluded. Sections were taken 
by sampling at equal intervals throughout the hippocampus. Sixteen one-in-five 
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sections (160 μm apart) throughout the entire rostral caudal length of the dentate 
gyrus were selected per animal. The number of BrdU-positive cells in both sides of 
the dentate gyrus in a section was counted and divided by the total length of the 
granule cell layer within that particular section (measured with Image-Pro plus 6.0, 
Media Cybernetics Inc.) to determine the mean number of BrdU cells per length of 
dentate gyrus per 40 μm section. To distinguish single cells within clusters, counts 
were performed at 400× and 600× under a light microscope (Olympus DP70 Digital 
Microscope Camera, Japan). A collaborator blinded to the experiment generated 











3.1. Theta  driven  stimulation  in  the  MSA  can  synchronize 
theta rhythm in CA1  
 
To activate septohippocampal pathway, trains of electric stimulation was given at the 
medium septum area (MSA), and brain activity was recorded at the hippocampal 
CA1. Theta driven (7.7 Hz) stimulation successfully synchronized theta activity in 
the theta-driven rats and spontaneous theta oscillation at around 4-5 Hz sustained 
after stimulation (Fig 3-1. B). In control animals, irregular electrical stimulation in 
mixture of 2 Hz and 11 Hz, which ensured no overlaps in the evoked frequencies 
with those of the theta driven stimulation, was delivered to the MSA and train 
interval was well calculated to ensure they receiving same amount of electrical 
stimulations as the theta driven rats. No regular theta waves were observed in control 
animals (Fig 3-1. A).  
For both groups, the stimulation lasted for 20 min and animals were immediately 
subjected to high dose BrdU injection, and then left for continued recording for 
another two hours. Anesthesia was maintained throughout the whole experiment to 
prevent interferences due to the spontaneous awareness of animals such as stress or 








Fig. 3-1. Examples of electrophysiological recording at the CA1 region in (A) control (B) theta 
driving rats; dot lines indicate stimulation. Scale bar indicates horizontally 1s and vertically 1V. Power 
spectrum analysis in the selected recordings showed that stimulation is 7.7Hz and the evoked theta is 














3.2. Substantial  increase  in  DG  granule  cell  proliferation  in 
theta driven rats 
 
To assess for DG progenitor proliferation after septal driven stimulation, BrdU 
immunolabeling was carried out and labeled cells in the SGZ were counted and 
divided by the DG length to yield cell density per section. More BrdU positive cells 
were observed in the SGZ of theta driven rats compared to control rats (Fig 3-2. A, B). 
Many of the immunolabeled cells are in clusters (Fig 3-2. C), which exhibit 
characteristics of the type II neural progenitors. 
Quantitative analysis along the whole hippocampus revealed that there was a 
significant increase (Student’s t-test, p<0.001) in mean density of BrdU positive cells 
in theta driven rats (mean=11.470.2292) as compared to control rats 
(mean=5.770.4321) (Fig 3-2. D). A near two-fold increase was obtained due to the 









Fig. 3-2. Density of BrdU positive cells in theta driven rats and sham theta driven rats. 
Immunostaining of BrdU positive cells (green) in the dentate gyrus of (A) theta-driven (B) control rats, 
scale bar=50um; (C) Confocal micrographs showing z-series reconstruction of cells labeled with BrdU 
(green) and DAPI (blue). Scale bar=10um (D) Density of BrdU positive cells. Theta driving 
stimulation significantly increased number of BrdU labeled newborn cells at 2hrs after BrdU injection. 

































Next, to verify whether Shh is involved in the theta driven proliferation of the DG 
progenitors, an appropriate dosage of cyclopamine has to be determined. Preliminary 
assessment was performed on four groups of rats to compare baseline proliferations in 
three dosages: 20 mg/kg/day, 30 mg/kg/day and 50 mg/kg/day with vehicle controls, 
three rats per group. 
50 mg/kg/day is proved to be lethal as two of the rats died and the last one showed 
abnormal postures and signs indicative of pain and hence was excluded and 
euthanised. One rat subjected to dosage of 30 mg/kg/day also died, although the other 
two receiving the same injections behaved normally. Baseline neurogenesis was then 
compared between rats subjected to vehicle administration (n=3), and cyclopamine 
treatment at 20 mg/kg/day (n=3) and 30 mg/kg/day (n=2). Analysis of variance 
indicates significant difference in BrdU positive cells among three groups (F=10.37, 
p<0.05). The Dunnett’s multiple comparison tests suggest that a dose of 30 mg/kg/day 
of cyclopamine, but not 20 mg/kg/day cause significant reduction on baseline 
progenitor proliferation (p<0.05) (Fig. 3-3). 
To see if inhibition of Shh signaling influenced theta-driven increased DG progenitor 
proliferation, 20 mg/kg cyclopamine was administered to rats for five days, and then 
the same electrophysiological protocols were applied on cyclopamine-treated or 
vehicle-treated animals. Theta driven stimulation successfully evoked theta activity in 
the hippocampal CA1, and waveforms in the cyclopamine treated animals were 
similar to vehicle treated rats (Fig. 3-4).  
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Immunostaining results revealed that except for vehicle treated animals, which 
received theta driven stimulation (V+t) had elevated BrdU labeling, the rest three 
combinations: vehicle treated rats with sham theta stimulation (V+s.t), cyclopamine 
treated rats that were subjected to theta driven stimulation (C+t) and cyclopamine 
treated with sham theta stimulation (C+s.t) showed no significant difference in 
numbers of BrdU labeled cells in similar sections (Fig. 3-5, A-D). The majority of 
BrdU labeled cells in V+t rats are also type II progenitor cells (Fig. 3-5, E).  
Quantification analysis indicated that V+s.t rats showed comparable baseline level of 
BrdU labeling cells (mean=6.9670.6141) as previously obtained from normal sham 
theta driven rats (mean=5.770.4321). A robust increase of number of BrdU positive 
cells were observed in V+t rats (mean=11.670.8415), which was also equivalent to 
previously observed increase in normal theta driven rats. However, cyclopamine 
completely abolished theta driven promoted increase in granule progenitor 
proliferation (C+t: mean=7.9710.8901). One-way ANOVA analysis suggested 
significant difference in density of BrdU positive cells among four groups (F=7.955, 
p<0.001), the Dunnett’s multiple comparison test reported that V+t group was 
drastically different from the other three (p<0.005) while the other three groups 
displayed equivalent density of BrdU labeled cells (Fig. 3-5, F). Two-way ANOVA 
analysis further indicated that effect of stimulation (t/s.t) on density of BrdU labeled 
cells in DG were very significant (F1, 21=10.51, p<0.005) and such effect varied 
significantly on different drug treatment (V/C) (F1, 21=7.88, p<0.05), implying that the 
positive effect of theta driven stimulation in hippocampal neural progenitor 
proliferation depended heavily on Shh signaling. On the other hand, drug effect was 
not considered significant (F1, 21=3.8, p=0.0646), suggesting moderate cyclopamine 






Fig. 3-3. Cyclopamine dosage effect on DG neurogenesis: Animals subjected to 30 mg/kg/day 
cyclopamine injection (n=2) had significantly less neurogenesis relative to baseline neurogenesis in 
vehicle controls (n=3) while dosage of 20 mg/kg/day (n=3) did not alter baseline proliferation, *p<0.05, 




































Fig. 3-4. Examples of electrophysiological recording at the CA1 region of theta driven rats with 
(A) vehicle treatment, (B) 20 mg/kg cyclopamine treatment; dot lines indicate stimulation. Scale bar 
indicates horizontally 1s and vertically 1V. Power spectrum analysis in the selected recordings showed 









Fig. 3-5. Cyclopamine blocked theta driven elevated neurogenesis. Immunostaining of BrdU 
positive cells (green) in the dentate gyrus of (A) vehicle treated rats with theta driving stimulation, (B) 
vehicle treated rats with sham stimulation, (C) cyclopamine treated rats (20 mg/kg) with theta driving 
stimulation, (D) cyclopamine treated rats (20 mg/kg) with sham stimulation, scale bar=50um; (E) 
Confocal micrographs showing z-series reconstruction of cells labeled with BrdU (green) and DAPI 
(blue). Scale bar=5um. (F) Density of BrdU positive cells in animals subjected to vehicle or 
cyclopamine injection: Theta driving stimulation only significantly increased number of BrdU labeled 































driving stimulation-increased proliferation of cells in the SGZ. Data are mean ± sem; ***p < 0.001, 









This project studied the modulation of hippocampal theta rhythm on hippocampal 
neurogenesis, and for the first time showed that hippocampal theta synchrony by 
septal theta-driven stimulation upregulated hippocampal progenitor proliferation and 
the subsequent release of sonic hedgehog via the septohippocampal pathway was 
responsible for this effect. These results proposed a possible mechanism underlying 
running mediated hippocampal neurogenesis.  
 
4.1. Sonic  hedgehog  does  not  regulate  hippocampal  theta 
synchrony 
	
Firing pattern of theta activity in cyclopamine treated animals displayed no difference 
with normal/vehicle controls (Fig. 3-4), indicating that blockage of the Shh signaling 
pathway did not affect septal neuron functions as pacemaker. Disruption of axonal 
and dendritic transport of the septohippocampal efferents resulted in accumulation of 
Shh in the MSDB (Ho. et al, paper in preparation), suggesting that hippocampus is 
one of the main recipients of MSDB synthesized Shh. 
 
4.2. Sonic  hedgehog may  be  co‐transmitted with GABA  and 
its transmission requires theta oscillation 
	
It is a well-accepted phenomenon for single neurons to contain or transmit more than 
one molecule (Burnstock and Hoyle, 1992; Nusbaum et al., 2001; Trudeau and 
Gutierrez, 2007). The co-transmitted substances do not have to be classical 
neurotransmitters (Hokfelt et al., 1980), and even do not have to work in a 
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cooperative manner (Gutierrez, 2000, 2002; Ottersen and Storm-Mathisen, 1984; 
Sandler and Smith, 1991). Such a transmission strategy greatly improves neural 
flexibility and efficiency in a multifunctional network.  
It was found that the active form Shh is able to undergo transport in an anterograde 
manner from the adult hamster retina to the superior colliculus by the optic nerve 
(Traiffort et al., 2001). The transport of Shh in the septohippocampal system may be 
similar. Previously demonstrated in our lab, a large portion of Shh expression was 
found in GABAergic neurons, and disruption of axonal transport by colchicine lesion 
led to Shh accumulation in the MSDB and reduction in the DG (Ho et al, paper in 
preparation), implying that Shh may be transported from MSDB to DG and may be a 
co-transmitter with GABA. In co-transmission systems, firing pattern to some extent 
determines substance release (Bradley et al., 2003; Lundberg et al., 1986). Fast 
transmission is usually produced by small molecules released at low frequency nerve 
stimulation whereas slow transmission is usually produced by release of peptides or 
other molecules at high frequency stimulation (Burnstock, 2004). In the present study, 
theta driven stimulation may favor the transmission of Shh to DG. The 
septohippocampal pathway maintained activated in theta driven rats, because stable 
theta activity in the hippocampal CA1, which required participation of intact 
septohippocampal system (Stewart and Fox, 1990; Yoder and Pang, 2005), occurred 
not only in accordance with stimulation pulses, but also continued in the stimulation 
intervals and even lasted for considerable time after stimulations. This high frequency 
synchrony may accordingly facilitate transmission of Shh. In animals subjected to the 
irregular stimulation, on the other hand, evoked oscillations in hippocampal CA1 
were mainly at low frequency (1-2 Hz) hence may induce fast transmission of small 
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molecules such as neurotransmitters. In vitro electrophysiological experiments can be 
employed to further elucidate this question. 
In the experiments, the same amount of pulses has been delivered to the MSA, 
however, increase of hippocampal neurogenesis was only observed in theta-evoked 
rather than irregularly stimulated rats. These results ruled out the possibility that 
elevated progenitor generation was due to injury-induced proliferation since 
equivalent electric currents were applied in both groups. These results also implied 
that the stimulation pattern was important to elicit a functional neuronal network. 
Simple activation of the input fibers may not account for the effects of the rhythmic 
stimulation.  
 
4.3. Septal‐driven  theta  oscillation  has  a  similar  effect  on 
hippocampal neurogenesis as running 
	
The near two-fold increase in the number/density of proliferative cells in the 
hippocampal DG due to septo-driven theta synchrony holds consistent with 
previously findings comparing progenitor proliferation of runners to non-runners (Ra 
et al., 2002; Uda et al., 2006; van Praag et al., 1999b), suggesting that phasic firing 
has a similar effect with physiological activity in the case of promoting progenitor 
birth. This then raises one important question: how well could electrically induced 
theta activity mimic physiological running-associated theta?  
EEG waveforms in both circumstances exhibit similar electrographical appearance 
(Kramis and Vanderwolf, 1980), but with difference in cellular discharge properties 
(Scarlett et al., 2004). However, if natural theta rhythm is necessary for the processing 
of certain stimuli, then the artificial activation of neuronal inputs should at least 
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induce/enhance theta oscillatory activity, so as to temporally organize neuronal 
activity and mediate neuronal communication. This is indeed the observation in the 
electrophysiological recordings. Spontaneous theta activity appeared after a few trains 
of stimulation and continued in spite of stimulation. Therefore, the electrically evoked 
hippocampal theta synchrony should at least represent some physiological activities 
of the local neurons.  
Immunostaining results of brain sections from the theta driven rats also revealed 
morphological similarities with patterns observed in runners. BrdU positive cells were 
mostly aligned with the subgranular cell layer, forming cell clusters, which indicated 
typical features of type II progenitors. Giving previous finding that running-induced 
proliferation was specific to type II progenitors (Kronenberg et al., 2003), septal-
driven theta oscillation induced proliferation also targeted the same group of cells.  
 
4.4. Sonic  hedgehog  is  involved  in  septal‐driven  theta 
synchrony‐induced hippocampal progenitor proliferation 
	
In the second part of the experiment, blockage of Shh signaling by the admistration of 
cyclopamine-a compound that can directly bind to Smo thus inhibits the following 
signaling cascade (Berman et al., 2002; Chen et al., 2002), significantly reduced theta 
oscillation-enhanced granule progenitor proliferation. This result was in line with 
what were obtained from cyclopamine treated running mice (Ho. et al, paper in 
preparation) and cyclopamine treated rats with electroconvulsive seizure (Banerjee et 
al., 2005). All indicated that Shh was involved in activity-dependent neurogenesis.  
Running largely increased the level of Gli1 mRNA by 20-fold (Ho. et al, paper in 
preparation), reflecting an intense amplification response from Shh inputs due to 
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running. Yet, the increase of Gli1 protein concentration was not so extensive, 
indicating involvement of negative regulation such as ubiquitylation associated 
protein degradation (Di Marcotullio et al., 2006; Huntzicker et al., 2006). Several 
positive and negative feedback loops cooperated to prevent excessive activation of 
Shh-Gli signaling and the resulting dysregulation of the cell cycle (Chen and Struhl, 
1996; Lai et al., 2004; Sanz-Ezquerro and Tickle, 2000). Such an auto-regulation 
system explained the observation that long-term running did not induce infinite new 
cell birth (Kronenberg et al., 2006). Dynamic analysis of Shh signaling in running 
models can help to explicate when and how Shh signal switches, and what threshold 
determines ‘Shh-on’ and ‘Shh-off’ statuses. 
Although Shh signaling is a well-studied system, the full elucidation of Shh regulation 
in the adult neurogenic niche remains unclear, especially in the context of the 
downstream mitogenic molecules that can convert the activity-dependent Shh-
signaling cascade into a proliferative signal. The Shh-induced transcripts from other 
cell types may provide some hints for the identification of downstream Shh-
responsive molecules. Transcriptional factors that regulate stem cell self-renewal such 
as N-myc (Knoepfler and Kenney, 2006; Mill et al., 2005; Oliver et al., 2003), Bmi1 
(Leung et al., 2004; Michael et al., 2008) can be key candidates for the fast replicative 
effect. Interaction with inhibitory transcriptional factors in the Notch and Wnt 
pathway is worth looking into, because they can bias neuronal differentiation to 
maintenance in a proliferative state (Jones and Jomary, 2002; Yamamoto et al., 2001). 
Moreover, Shh may cooperate with various growth factors, including FGF2 (Kessaris 
et al., 2004; Vinothkumar et al., 2008), NGF (Reilly et al., 2002), EGF (Mimeault and 
Batra, 2010) and IGF-1 (Madhala-Levy et al., 2012), to contribute to the rapid 






4.5. Theta  oscillations  contributed  to  the  specificity  of 
running‐induced  neural  progenitor  cell  proliferation  in 
SGZ 
	
In spite of septohippocampal projections, MSDB also innervates extra brain regions 
(Borhegyi and Freund, 1998; Kalen and Wiklund, 1989; Swanson and Cowan, 1979), 
including the other neurogenic niche, the olfactory bulb (Senut et al., 1989). It is 
evident that Shh signaling plays important role in regulating neural proliferation in the 
SVZ as well (Angot et al., 2008; Balordi and Fishell, 2007; Machold et al., 2003a).  
If running successfully enhances Shh synthesis in the MSDB and Shh can be co-
transmitted to other brain regions through multiple projections to elicit its 
proliferative impact, then, why running induced proliferation of neural progenitor 
cells only happens in the hippocampus? There possibly exist three explanations. 
Firstly, the septohippocampal projections are the main outputs from MSDB. This is 
supported by the quantitative results of galanin immunostaining that 22% of the 
galanin-positive afferents of the MSDB are towards hippocampus, while only 9% 
project to the olfactory bulb (Senut et al., 1989). Secondly, since all cargos have 
separate transport carriers (Hirokawa, 2011; Hirokawa and Noda, 2008; Hirokawa 
and Takemura, 2004, 2005), dynamics of Shh transport would be uniquely preserved 
in septohippocampal projections. Lastly but perhaps the most importantly, Shh 
transportation requires specific rhythmic brain activity. This has been discussed in 
section 4.2. Since theta oscillation is a specific hippocampal field activity occurring 
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concomitantly with motor behaviors, it can be the main restriction that leads to 




Taken together, the results presented here suggest a working model underlying 
running-induced proliferation of hippocampal granule progenitor cells. That is 
running increases synthesis of Shh in the MSDB, and with the activated transportation 
via the septohippocampal projections, which depends on theta oscillations, Shh is 
transmitted to the hippocampal neurogenic DG and by activating its cascade 
transduction pathways, population of granule progenitor cells are rapidly expanded. 
For deeper understanding of running mediated neural proliferation, future work is 
required to elucidate downstream mitogenic effector molecules that can convert Shh 
signaling to proliferative signals in DG, and the determinant for ‘switching-on/off’ of 









Chapter 4  




Adult neurogenesis greatly enhances postnatal brain plasticity. It offers hope to 
individuals suffering from neuronal loss related diseases. As much as we appreciate 
the distinct benefits of adult neurogenesis, the exact functions of the newborn neurons 
remain undetermined. Many efforts have been devoted into this field, attempting to 
elucidate the contribution of the newly generated neurons to the existing neuronal 
circuitry and their functional implications for behavior. However, a major challenge 
confronting most investigations is the need to achieve specific perturbations 
selectively within that group of cells. In Chapter 1, in respect to neurogenesis studies, 
I have reviewed the drawbacks of conventional methods, lacking of specificity, as 
well as the merits of the emerging optogenetic technique, especially specific temporal 
control. It is hence tempting to establish effective animal models with the novel 
optogenetic approach for future functional studies.  
Viral vectors are widely used to deliver genetic materials into cells either in vivo or in 
vitro. They are fundamental components in optogenetic manipulations. For the 
purpose of studying neurogenesis, a suitable viral construct that can specifically infect 
young DG neurons is required. Among various viral vectors, lentivirus and adeno-
associated virus (AAV) can transduce both dividing and non-dividing cells (Naldini et 
al., 1996; Podsakoff et al., 1994; Poeschla et al., 1998; Wu et al., 1998), whereas 
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retroviral viruses only act on actively dividing cells at the time of injection (Miller et 
al., 1990; Tanaka et al., 2004). Since the process of neurogenesis starts with a 
vigorous progenitor amplification stage, the retroviral system is therefore ideal for 
targeting this population.  
The murine stem cell virus (MSCV) retroviral system was therefore selected. MSCV 
stems from the murine embryonic stem cell virus (MECV) (Grez et al., 1990). It can 
produce high-titer virus stocks owing to several modifications, which prevent extra 
viral protein synthesis and production of helper viruses (Miller and Rosman, 1989). 
The MSCV retroviral vectors contain a 5’ long terminal repeat (LTR) capable of 
enhancing transcriptional efficiency and stability (Kaneko et al., 2001). Gene can be 
cloned into the multiple-cloning site immediately downstream of the extended viral 
packaging signal Ψ+. The murine phosphoglycerate kinase (PKG) promoter (PPKG) 
controls expression of a specific resistance gene for antibiotic selection in eukaryotic 
cells. Several versions of MSCV are named according to their specific eukaryotic 
antibiotic resistance. MSCV also contains the pUC origin of replication for 
propagation and E. coli ampicillin resistant gene (Ampr) for antibiotic selection in 
bacteria. Neomycin resistant (Neor) pMSCVneo is chosen for the present study.  
Next, to ensure that the transgene only expresses in neurons, the promoter has to be 
neuron specific. Since early perturbation is not sought, marker proteins that express at 
mature or late immature stage would be helpful. Ca2+/calmodulin-dependent protein 
kinase II alpha (CaMKII), which is one of the major forms of Ca2+/calmodulin-
dependent protein kinase II (CaMKII), has robust protein expression throughout the 
molecular layers of the hippocampus and dentate gyrus, and compose approximately 
2% of the total hippocampal proteins (Burgin et al., 1990; Erondu and Kennedy, 
1985). The expression of CaM kinase does not begin with birth but until late 
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immature (early mature) stage (Jensen et al., 1991; Yamasaki et al., 2008). Hence, this 
promoter is employed.  
To summarize, the proposed viral construct is based on the MSCVneo retroviral 
system with the genetic codes of photosensitive protein (hChR2 (C128), eNpHR2.0 or 
eNpHR3.0) and report protein eYFP (enhanced yellow fluorescent protein) under the 
control of CaMKII promoter. In theory, virus that contains this construct will 
selectively target actively dividing cells, and wait for the expression of CaMKII to 
initiate the transcription of opsin transgenes. Therefore, if applied in adult rat, neural 
progenitor cells in the DG at the time of injection will be transduced, and the light 
sensitive proteins will not start to express until CaMKII presents at the late 
immature stage. This construct allows the effective targeting of newborn neurons 
without affecting the existing granular cells. And since the promoter protein appears 
only in late immature stage, normal neuronal differentiation will not be affected. The 
late expression of transgenes also avoids interference in the intense selection period 
when half newborn neurons die.  
The aim of current investigation is to establish an effective optogenetic rat model for 
neurogenesis studies. The experiment comprises three steps. Firstly, it is essential to 
clone viral vectors that can specifically transduce newborn neurons and then produce 
high-titer retroviruses. The second step is to assess the efficiency and specificity of 
transduction both in vivo and in vitro. Third, check time course expressions of the 
transgenes in vivo to set up time frames suitable for behavioral studies.  
For convenience, in the following contexts, hChR2 (C128), eNpHR2.0, and 








pLenti-CaMKIIα-ChR2-eYFP (L-C), pLenti-CaMKIIα-NpHR-eYFP (L-N) and 
pLenti- CaMKIIα-NpHR3.0-eYFP (L-N3.0) viral vector were kindly provided by Dr. 
Karl Deisseroth (Stanford Uuniversity, USA) and were used as template for 
amplification of insert DNA for subcloning into the pMSCVneo plasmid vector for 
generating the MSCV-CaMKII-ChR2-eYFP (M-C) and MSCV- CaMKII-NpHR-
eYFP (M-N), MSCV-CaMKII-NpHR3.0-eYFP (M-N3.0) viral vectors.  
pMSCVneo (Clonetech, CA, USA), an optimized vector from Murine Stem Cell 
Virus (MSCV) system, containing the pUC origin of replication and E. coli Ampr 
gene for propagation and antibiotic selection in bacteria, was used for the cloning of 
the new constructs. DNA fragments (C, N and N3.0) were inserted via the multiple 
cloning sites (MCS) of pMSCVneo (Fig. 3-1 A). 
Nearly 4kb DNA amplicon that was responsible for expression of functional 
CaMKII-ChR2-eYFP (C), CaMKII-NpHR-eYFP (N) and CaMKII-NpHR3.0-
eYFP (N3.0) (Fig. 1B, 1C, 1D) were amplified respectively from L-C, L-N and L-
N3.0 with a common reverse primer paired with different forward primers. The 
forward primer designed for the C fragment contained an Mfe l restriction site at the 5’ 
end: 5’-AGCAATTGCGGGTTTATTACAGGGACA-3’, and primer designed for the 
N and N3.0 fragment had a Bgl II restriction site added to N/N3.0 forward 5’ end: 5’-
GAAGATCTCGGGTTTATTACAGGGACAGCAGAG-3’. The common reverse 
primer used was: 5’-TCAGGGAAGTAGCCTTGTGTGTGG-3’. Annealing 
temperature for the PCR reactions were optimized to be 68°C for both primer pairs.  
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For the construction of MSCV-C, g of the C fragment was digested with 15 units 
of Mfel (New England Biolabs, MA, USA) and 5 units of SalI (New England Biolabs) 
(Fig. 3-1 B) for 4 hours at 37°C and g of MSCV vector was digested with 15 units 
of EcoRI (Promega, WI, USA) and 15 units of XhoI (Promega) at 37°C overnight. 
Gel purification was conducted using gel purification kit (Invitrogen) to purify the 
digested insert. Since the cohesive end generated by EcoRI in vector was compatible 
with Mfel digested end in the insert and so as the compatibility of XhoI and SalI 
digested end, ligation is unidirectional. Digested vector and insert were ligated at a 
molar ratio of 1:3 with T4 DNA ligase (Promega) at 16°C overnight. Next, ligation 
product was transformed into E.coli DH5bacteria and spread on LB/ampicillin-
Agar plate for overnight culture at 37°C. Ampicillin-resistant bacterial colonies were 
cultured individually and plasmids were extracted with miniprep kit (Invitrogen). To 
screen for the ligated insert, PCR was carried out to amplify the insert using a set of 
primers flanking the MCS of pMSCVneo, namely MSCV 5’ primer: 5'-
CCCTTGAACCTCCTCGTTCGACC-3'; 3’ primer: 5'-
GAGACGTGCTACTTCCATTTGTC-3'. Restriction analysis was also performed 
using 3 units HindIII, which have one digestion site in the insert and one in the vector. 
The PCR and restriction digestion were visualized by electrophoresis on a 0.8% 
agarose gel. 
For the construction of MSCV-N and N3.0, g DNA insert and pMSCVneo vector 
were both digested with 15 units BglII at 37 °C (Fig. 3-1 B), insert 4 hours and vector 
overnight. BglII digested vector were dephosphorylated using alkaline phosphatase 
(Promega) to prevent self-ligation. After purification, inserts and vectors were mixed 
at a molar ratio of 3:1 and ligated at 16 °C overnight. Next, each combination was 
transformed in E.coli DH5bacteria and spread on LB/ampicillin-agar plate for 
70	
	
overnight culture at 37°C. Ampicillin-resistant bacterial colonies were selected and 
cultured individually and plasmids were extracted with miniprep kit (Invitrogen). In 
order to verify the insert orientation and size, restriction analysis was then performed 
with 2 hours digestion using either 2 units HindIII restriction enzyme (Promega) or 
BglII restriction enzyme (Promega) at 37°C and then products were analyzed by 
electrophoresis on a 0.8% agarose gel. Constructs were sent for DNA sequencing for 
further validation as well. 




Table 3-1. Viral vector construction and verification procedures 
 MSCV-ChR2 MSCV-N/N3.0 MSCV-neo C insert MSCV-neo N/N3.0 insert 
Amplification of 
vector and insert Mini pre 
PCR 
Template: pLenti-ChR2;  
Primers: 
Forward primer: 5’ 
AGCAATTGCGGGTTTATTACAGGGACA 
3’, 






Forward primer: 5’ 
GAAGATCTCGGGTTTATTACAGGGAC
AGCAGAG 3’, 
Reverse primer: 5’ 
TCAGGGAAGTAGCCTTGTGTGTGG 3’ 
Purification  Gel purification  Gel purification 
Enzyme digestion EcoRI, XhoI, 37°C overnight Mfel, SalI, 37°C 4hrs BglII, 37°C overnight BglII, 37°C 4hrs 
De-phosphorylation   De-phosphorylation  
Purification PCR Purification kit Gel purification kit PCR Purification kit Gel purification kit 
Ligation T4 DNA ligase, 16°C overnight T4 DNA ligase, 16°C overnight 
Transformation E.coli DH5 bacteria E.coli DH5 bacteria 





Forward: MSCV 5’: 5'-CCCTTGAACCTCCTCGTTCGACC-3'; 
Reverse: MSCV 3’: 5'-GAGACGTGCTACTTCCATTTGTC-3' 
BglII digestion, 37°C 2hrs 
Verification for 




Proceeding to produce virus, midi preparation of M-C and M-N/N3.0 plasmid as well 




The recombinant MSCVs were produced according the protocol of Clontech PT3132-
1 with modifications. GP2-293 cells (Clontech) was used as packaging cells, instead 
of the PT67, to produce MSCV viruses expressing VSV-G viral coat and 293FT cells 
(Invitrogen) were used for production of lentivirus. Before viral production, GP2-293 
cell line was maintained in DMEM (Gibco, Life Technologies) culture medium 
containing 10% Fetal Bovine Serum (FBS, Invitrogen), 100U/ml penicillin (Sigma-
Aldrich) and 100ug/ml streptomycin (Sigma-Aldrich), in 37°C incubator. And 293FT 
cell line was maintained in DMEM culture medium containing 10% non-heat 
inactivated FBS (Invitrogen), MEM Non-Essential Amino Acids (MEM NEAA, 
0.1mM, invitrogen) and 500ug/ml genecticin (Invitrogen) in 37°C incubator. When 
cells reached the confluency of 80-90% in 25 cm2 flask, culture mediums were 
changed to Opti-MEM (Invitrogen). Plasmid transduction was done the following day. 
For MSCV virus production, 6 g of recombinant pMSCV-C/N/N3.0 and 4 g of 
envelope vector pVSVG (Clonetech) were mixed well in 500 l Opti-MEM 
(Invitrogen), 10 l of lipofectamine 2000 (Invitrogen) was added to another 500l 
Opti-MEM and incubated for 5min, then the vector mixture was added to the 
Lipofectamine 2000 (Invitrogen) containing Opti-MEM and mixed well and incubate 
for 20 min before added to the GP2-293 cells. 
For lentivirus production, 1.4 g Lentiviral plasmid and 4.1 g viral power packge 
mix (Invitrogen) were mixed well in 0.5 ml opti-MEM, and 16 l of Lipofectamine 
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2000 was incubated in 0.5 ml opti-MEM for 5 min. They were then mixed together 
and incubated for 20 min before added to the 293FT cells.   
Both MSCV and lentivirus production system were subjected to 24 hours of 
transduction before changing to normal culture medium (without any antibiotics). 
Viral supernatant collection was started the next day and continued for 7 days. The 
collected viruses were store at -20°C until fully collected for the viral concentration 
step. Collected viral supernatants were first centrifuged at 3000xg for 5 min at 4°C to 
remove cell debris, and then supernatants were filtered through 0.45 m cellulose 
acetate filter. Subsquently, filtered mediums were ultra-centrifuged at 50000xg for 90 
min at 4 °C to recover the viral particles. Supernatants were carefully removed and 
viral pellets were then resuspended in 50 l TNE buffer (0.01M Tris-HCl, pH7.4, 
0.15M NaCl, 0.05% EDTA) and incubated overnight at 4°C before aliquoting into 
peruse quantities for storage at -80°C.  
For viral titer determination, NIH 3T3 cells were plated at a density of 0.5-1x105 cells 
in 2 ml medium per well in 6-well plate. The viruses were serial diluted at a dilution 
factor from 104 to 109. 1 ml of each diluted viral medium was added to the 6-well 
plate to infect NIH 3T3 cells. 24 hours after infection, medium was removed and 
replaced with medium containing the selection antibiotic. 500 g/ml Geneticin 
(Invitrogen) was used for the selection of MSCV infected cells. 100 g/ml Zeocin 
(Invitrogen) was used for the selection of lentivirus infected cells. Such mediums 
were changed every 3-4 days and after 14 days, discrete antibiotic resistant colonies 
became visible. Number of colonies presented at the highest dilution were counted 
and multiplied by the dilution factor of that dilution to yield the viral titer. Final titer 
for either virus (M-C, M-N, M-N3.0, L-C, L-N3.0) was determined to be: 108~109 





Pregnant SD rats were well anaesthetized by intraperitoneal injection of chloral 
hydrate (400mg/kg, Sigma-Aldrich) prior to dissection. The embryonic day 14-15 
(E11-12) fetuses were dissected for ventral mesencephalon (VM) stem cell culture. 
Ventral midbrain was isolated in Solution 1 (1X Hank’s Balanced Salt Solution, 
HBSS, Invitrogen; 30 mM glucose, AMRESCO, OH, USA; 15 mM HEPES, 
Invitrogen; pH 7.5) according to standard protocol (Dunnett and Bjorklund, 1997) and 
kept on ice. To process to dissociation, 0.25% Trypsin-EDTA (Gibco, CA, USA) was 
added and tissues were digested at 37°C for 30 minutes, with trituration after the first 
15 minutes. Solution 3 (0.6 mM BSA, Sigma-Aldrich, MO, USA; 20 mM HEPES; 1X 
Earles Balanced Salt Solution, EBSS, Invitrogen; pH 7.5) was added at twice the 
volume of trypsin to stop digestion, and the digested tissues were sieved using 40 μM 
cell strainers (BD Biosciences, CA, USA). The remaining cell suspension filtrates 
were centrifuged at 380xg for five minutes.  Subsequently, the collected cell pellets 
were re-suspended in 10 ml Solution 2 (0.5X HBSS; 0.9 M sucrose, 1st Base, 
Singapore; pH 7.5) and centrifuged at 600xg for ten minutes followed by another re-
suspension in 2 ml Solution 3. They were then slowly transferred to 12 ml Solution 3, 
and then centrifuged at 380xg for seven minutes to recover the cells. Finally, the 
NPSC pellet was suspended in neurosphere medium, containing Dulbecco’s modified 
Eagle’s medium (DMEM) with Ham’s nutrient mixture F12 (1:1 v/v, DMEM/F12, 
Gibco), supplemented with N2 supplement (Gibco), 20 ng/ml epidermal growth factor 
(Invitrogen), 20 ng/ml basic fibroblast growth factor (Chemicon, Tenecula, CA, USA), 
100 U/ml penicillin (Sigma-Aldrich) and 100 g/ml streptomycin (Sigma-Aldrich) 




The NSPCs were cultured till the neurospheres became macroscopically visible. To 
passage the neurospheres, the neurospheres were collected and incubated in 
TrypLE™ (Invitrogen) at 37 °C for five minutes, with gentle trituration after the first 
two minutes. The trypsinisation was stopped by the addition of twice the volume of 
Solution 3. The single-cell suspension was then centrifuged at 380xg for five minutes, 
re-suspended in 1ml Solution 2, and followed by centrifugation at 600xg for ten 
minutes. Next, the cell pellet was re-suspended in 200 μl of Solution 3 and gently 
transferred drop-wise to 1 ml of Solution 3, which is then centrifuged at 380xg for 
seven minutes. The final cell pellet was re-suspended and re-plated in fresh 
neurosphere medium. The cells used for all experiments were between the third and 




To determine the viral transduction efficiency and characterize cell types that 
expressed transgenes, NPSCs were transduced by the virus and fixed for 
immunostaining. Dissociated NSPCs were plated on poly-L-ornithine (Sigma-Aldrich) 
and laminin (Sigma-Aldrich) coated coverslips in 24-well plates, at density of 10,000 
cells per well with either proliferation medium or differentiation medium. 
Proliferation medium was constituted of DMEM/F12 (1:1 v/v, Gibco), supplemented 
with N2 supplement (Gibco), 100 U/ml penicillin (Sigma-Aldrich) and 100 g/ml 
streptomycin (Sigma-Aldrich), whereas differentiation medium had extra addition of 
0.2% FBS (Invitrogen). 2 days later, 1 μl of virus was added to each well and 
transduction continued for 48 hours. Medium with virus was then removed and 
changed to either proliferation medium or differentiation medium. NPSCs were fixed 
under different conditions: undifferentiated, differentiated for 3 days, 9 days, 30 days, 
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with 4% paraformaldehyde for 20 min followed by 3 times wash with PBS, and then 




250-300g male SD Rats were initially housed in pairs in a 12-h light/dark cycle (lights 
on at 7:00 A.M.) with water and rodent chow freely available. Rats were 
anaesthetized using intraperitoneal injection of ketamine/metedomidine mixture 
(ketamine, 75mg/kg; medetomidine, 0.5mg/kg). The top of the animal’s head was 
shaved, placed in a stereotactic apparatus, and then cleaned with 70% ethanol and 
betadine. A midline scalp incision was made and then small craniotomies were 
performed for implantation of fiber guide cannula that will allow for virus injection.  
Fiber guides (Thorlabs, USA) were inserted bilaterally through the craniotomy at the 
following coordinates (AP: -4.3mm, ML: +2.7mm and -2.7mm, DV: -3.3mm) to 
target the dentate gyrii. Cranioplastic cement (Bosworth company, IL, USA) was used 
to secure the fiber guide system to the skull. The animal was kept on a heating pad 
until it recovered from anesthesia. A dummy cannula was inserted to keep the fiber 
guide patent. Standard post surgery care was conducted by giving daily single 
subcutaneous injection of analgesic (Carprofen, 5 mg/kg) for three days and 
antibiotics (Baytril, 10 mg/kg) for five days. 
One week after implantation, rats were anaethetized with inhalational isoflurane. 
They were randomly assigned to receive M-C, M-N or M-N3.0 virus transduction. 0.5 
l of virus was infused bilaterally into both DGs at a rate of 0.05 l/min, controled by 
Syringe Pumps (WPI, FL, USA) and infusion needles were maintained in position for 
extra 5 minutes before withdraw. For multiple viral injections, viral delivery was 





Several cell type markers were used for immonostaining: anti-MAP2ab antibody 
(1:400, MAB378, Chemicon) for identification of neurons; anti-glial fibrillary acidic 
protein (GFAP) antibody (1:1000, Z0334, Dako, Denmark) for identification of 
astrocytes; anti-CNPase antibody (1:400, MAB326R, Chemicon) for identification of 
oligodendrocytes and anti-GFP antibody conjugates 488 (1:400, Molecular Probes, 
OR, USA) to identify the expression of opsin transgenes. And to verify the presence 
of CaMKII, mouse monoclonal anti-CaMKIIAbcam, UK was employed. 
Fluorescence-conjugated Alexa Fluor secondary antibodies (1:400, Invitrogen) were 
used to visualize the primary antibodies and the coverslips were counter-stained with 
DAPI in Pro-long anti-fade mounting medium (Molecular Probes). 
Animals subjected to viral injection were receiving an overdose of pentobarbital (150 
mg/kg) at 2 weeks, 4 weeks, and 6 weeks time points after the first virus injection and 
transcardially perfused with 4% paraformaldehyde in 0.1 M of phosphate buffer (pH 
7.4). The brains were extracted and post-fixed overnight in the fixative. The basal 
forebrains of the rats were then sectioned using a vibratome (Vibroslice, World 
Precision Instruments, Sarasota, FL) at a thickness of 40 μm and stored in phosphate 













To construct MSCV-CaMKII-C/NpHR/NpHR3.0-eYFP, 3.8 kb of the 
transcriptional gene sequence of CaMKII-C/NpHR/NpHR3.0-eYFP is inserted via 
the multiple cloning site presented in the pMSCVneo (Fig. 4-1 A).  
The introduction of C insert (CaMKII-ChR2-eYFP) into pMSCVneo, was 
performed on two pairs of compatible ends Mfel-EcoRI and SalI-XhoI, therefore, 
ligation is unidirectional. Because no available restriction enzyme can separate the 
recombinant vector into insert and backbone MSCV vector, PCR using pMSCV 5’ 
and 3’ primer (Clonetech)-a pair of primer designed to amplify the insert within the 
multiple cloning sites, was conducted to verify if the insert is correct. Results showed 
productive amplification of 3.8 kb insert (Fig. 3-2. A2). The restriction maps of 
recombinant MSCV-N/N3.0 are shown in Fig. 4-2. A1. To further validate the 
construct, Hind III digestion was carried out, and clear ~2.1 kb band and ~8.2 kb band 
were displayed on 0.8% agrose gel loading with Hind III digested MSCV-C (Fig. 3-2. 
A1, A2). 
The restriction maps of recombinant MSCV-N/N3.0 are shown in Fig. 4-2. B2, B2. 
The insertion of N/N3.0 insert has no direction because both vectors and inserts have 
the same cohesive ends due to Bgl II digestion. Hind III restriction analysis is 
therefore performed to screen for the recombinant vector ligated with the correct 
direction. Only the one that have been digested into an 8.2 kb and a 2.1 kb fragment 
was selected (Fig. 3-2. B2, C2). Further, to verify the size of the insert, the selected 
vector was digested with Bgl II, and a 3.8 kb insert band and a 6.5 kb pMSCV vector 
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band were clearly shown in gel electrophoresis (Fig. 3-2. B2, C2), which matched the 




Fig. 4-1. Overview of pMSCVneo vector and inserts: A. Plasmid Map and Multiple Cloning Site 
(MCS) of pMSCVneo (Clontech) and gel electrophoresis of single restriction digest of (Bgl II plasmid; 
B. Structure of C, N and N 3.0 cloning fragment from the original lentiviral construct and gel 
electrophoresis of the respective insert after restriction digestion. Mfe l restriction site at the 5’ end was 
introduce into C fragment and Bgl II restriction site was introduced into the N and N3.0 fragment 














Fig. 4-2. Verification of recombinant MSCV-C/N/N3.0 constructs: A1: overview of recombinant 
pMSCV-C construct and restriction sites for verification analysis. Electrophoresis of PCR product 
using the pMSCV primer pairs as well as the Hind III digested recombinant MSCV-C were shown in 
A2. Clear 2.1 kb band and 8.2 kb band were displayed on 0.8% agrose gel loading with Hind III 
digested MSCV-C (left); PCR products showing on the gel indicate 3.6 kb insert in the MSCV MCS 
(right). B1: construct of recombinant pMSCV-N and restriction sites for verification analysis. B2: 
MSCV-N digested with Hind III yield an approximately 2.1 kb band and an 8.2 kb band (first lane); 
MSCV-N digested with Bgl II gives a near 4 kb insert band and 6.5 kb vector band (second lane). C1: 
Construct of recombinant pMSCV-N3.0 and restriction sites for verification analysis. C2: MSCV-N3.0 
digested with Bgl II gives 4 kb insert band and 6.5 kb vector band (first lane), and MSCV-N3.0 






To verify whether MSCV transduction was restricted to dividing cells, viral 
transduction was applied to differentiated NPSCs. Lenti-C virus transduction is 
employed as a positive control. GFP primary antibody was used to label eYFP, the 
report protein tagged to the opsin transgenes.  Immunostaining results showed that 
expression of ChR2 proteins only presented in lentivirus infected, but not the MSCV 
infected cells (Fig. 4-3). These results confirmed that MSCV retroviral system was 
not able to transduce differentiated neurons. Therefore, this system will be effective 




Fig. 4-3. MSCV did not transduce differentiated cells in vitro. After differentiation, no expression of 
transgene was detected in MSCV transduced cells (left) while lentiviruse was still capable of 










by  CaMKII  after  differentiation  and  exclusively  to 
neurons  
	
Next, to check for the transduction efficiency of MSCV on dividing cells, NPSCs 
obtained from the SGZ were infected with MSCV-NpHR viruses. When maintained 
undifferentiated, there was no NpHR positive cells detected (Fig. 4-4 A). Yet, when 
adding 0.2% FBS to induce stem cell differentiation for continuously seven days, 
almost all cells were expressing NpHR (Fig. 4-4 B), indicating high transduction 
efficiency. Also, Map2ab double staining revealed that NpHR positive cells were 
mature neurons (Fig. 4-4 C). For further validation, CaMKII immunostaining was 
conducted as well. As expected, opsin transgenes expressed cells were all CaMKII 
positive (Fig. 4-4 D). 
As known, neural stem cells can differentiate into neurons, astrocytes, and 
oligodendrocytes (Faris, 2011). Because of the inclusion of neuron specific promoter 
CaMKII in the viral construct, the transduced gene should only expressed in neurons. 
To check whether it was the case, double immunostainings were conducted. In this 
experiment, Map2ab antibody was applied to stain for neurons, GFAP antibody for 
astrocytes and CNPase antibody for oligodendrocytes. Immunohistochemistry 
revealed that the transgene under the control of neuron specific promoter expressed 
predominantly in neurons (Fig. 4-5. A, D), none in astrocytes (Fig. 4-6. B), and very 







Fig. 4-4. MSCV can transduce dividing cells in vitro. Opsin transgene does not express when 
undifferentiated (A), but expresses after differentiation  (B). And expression is within neurons (C) and 














Fig. 4-5 Opsin transgenes are specifically expressed in neurons in vitro: opsin transgene expression 
presented mainly in the neurons (A, D) but not the astrocytes (B). A small number of oligodendrocytes 















3.4. In  vivo  time  course  studies  on  the  expression  of 
NpHR/ChR2  
	
Adult SD rats were sacrificed at 2 weeks, 4 weeks, 6 weeks, 8 weeks since single viral 
injection, and time course of expression was examined. Brain sections near the 
injection site were selected. eYFP signals, which indicate transgene expression, was 
visualized directly under the microscope. eYFP fluorescence can barely be detected at 
the 2nd week (Fig. 4-6, A), indicating that transgene expression did not begin yet. 
Strong expression started from the 4th week, where neuronal differentiation was 
almost completed and dendrites of the young neurons extended massively into the 
granular cell layer (Fig. 4-6, B-D).  
Another batch of animals were subjected to multiple viral injection to see if such 
treatment can extend the expression duration. This time, they were only assessed at 8 
weeks and 10 weeks after the first injection. Immunostaining with anti-GFP antibody 
showed that with repeated viral infections, there were considerable amount of cells 
expressing opsin transgene until 10th week after transduction (Fig. 4-7. D), because 
multiple injections increased the population of the targeted cells. Therefore, the 
working time frame for optical manipulation can range from 4 weeks to at least 10 




Fig. 4-6. Expression of eYFP (green) in dentate gyrus neurons at (a) 2, (b) 4, (c) 6 and (d) 8 weeks 




Fig. 4-7. Immunostaining for the expression of eYFP (green) in dentate gyrus neurons: at (A) 8 










CaMKII-transgene co-localization was also checked in vivo. CaMKII had plenty of 
expression throughout the whole DG cell layers. Transgene expressed cells were all 
CaMKII positive (Fig 4-8). 
Prox1 immunostaining, which labeled DG granule cells, was carried out to further 
verify if the targeted cells were DG exclusive. Animals were sacrificed 10 weeks after 
first viral injection. The transduced cells, in green, co-localized with prox1 positive 
cells, in red (Fig. 4-9). The transduced cells were already mature neurons and 
branched out intensively.  
 
 









Fig. 4-9 Light sensitive proteins expressed in prox1 positive DG cells 10 weeks after first viral 







This part of the study aimed at establishing effective animal models to investigate the 
function of adult born neurons in behaving animals. A novel optogenetic approach 
was applied. A retroviral based virus expression system that can selectively target 
newly generated neurons was successfully constructed. In vitro and in vivo analysis 
demonstrated that the established model is useful for future behavioral studies. 
 
4.1. MSCV  retroviral  system  is  effective  for  the  study  of 
neurogenesis  
	
Although widely employed in optogenetic studies, lentivirus and AAV viral system 
are not ideal for studies of neurogenesis. They have high efficiency in transducing 
both dividing and non-dividing cells, therefore highly effective in studying brain 
structures that are well developed. However, for neurogenesis study, since the 
newborn cells only constitute approximately one percent of the population of the total 
DG cells, lentivirus and AAV viral infection will inevitably perturb the existing 
mature neurons, and therefore will not be selective.  
The retroviral system is an ideal viral expression system for the neurogenesis research. 
In the retroviral system, gene transfer was 100-fold efficient in replicating than 
stationary cells (Miller et al., 1990), implying its tendency to infect dividing cells. As 
revealed in Fig. 4-3, while lentiviruses were capable of transducing considerable non-
dividing cells, MSCV transduced none. In theory, the MSCV retroviral system should 
specifically captures both quiescent type I neural progenitor and transient amplifying 




In this study, the transduction efficiency in vivo was assessed however failed. In a 
preliminary experiment, the transduction efficiency was calculated as the ratio of 
eYFP positive cells to BrdU positive cells. High dose BrdU (300 mg/kg) was 
intraperitoneally injected to animals immediately after each viral infusion to label the 
dividing cells at the moment of each injection. Brain slices were obtained for double 
staining 4 weeks after first viral infusion. Surprisingly, no staining of eYFP was found, 
although a significant number of BrdU positive cells were present (results not shown). 
This result was rather ambiguous to explain because it was unclear whether the lack 
of eYFP (transgene) signal was due to the failure of transgene expression because of 
the interference of BrdU administration or the denaturation of the eYFP protein 
during the subsequent double immunostaining process. 
The s-phase marker BrdU incorporation was a commonly adopted assay for 
determination of actively dividing cells. BrdU was a toxic and mutagenic substance. It 
incorporated into newly synthesized DNA during S phase of cell division and had 
mitogenic, transcriptional and translational effects on cells that incorporated it 
(Taupin, 2007). For the current study, the expression of the transgenes can only 
present after 4 weeks’ time, such relative long time interference with BrdU would 
possibly cause alterations in regular gene transcription, which led to no eYFP signals 
were detected. Even if they were successfully expressed in vivo under BrdU 
interference, it was possible that the fluorescent marker proteins would be degraded 
by the BrdU antigen retrieval step since the immunostaining protocol for BrdU and 
eYFP were not compatible. In order to denature DNA, binding of the anti-BrdU 
antibody required tissue exposure to acid and heat, which may possibly at the same 
time denature a number of proteins such as eYFP presented along with the opsins on 
the cell membrane. Therefore, co-labeling of opsin and BrdU would be hard to 
91	
	
implement. Lastly, BrdU administration was, to some extent, a stressful experience 
for animals (Wojtowicz and Kee, 2006). Animals subjected to BrdU injection showed 
decrease of neurogenesis, which was undesirable for neurogenesis studies, especially 
contradictory to the purpose of the present experiment that an increased rate of 
neurogenesis was desired for viral transduction.  
This problem might be circumvented in future research. For example, other markers 
that can stain proliferative cells could be selected, such as Ki67. Or a new viral vector 
could be constructed, which employs a promoter protein expressed within a shorter 




The results showed that the CaMKII promoter tightly controlled the transcription of 
opsin transgene. They only expressed in neurons, but not in astrocytes or 
oligodendrocytes. The expression started when neurons were becoming mature. 
Introduction of the photosensitive proteins did not seem to alter cell viability. 
Transduced newborn neurons can survival for at least 10 weeks. In future behavior 
experiments, it is feasible to manipulate transduced cells at different time point from 4 
weeks onwards for functional studies. Studies can even last beyond 10 weeks if 
certain measurement that can further prolong surviving of the neurons, such as 
learning or environmental enrichment, were taken. Therefore, this model can serve to 
study functional dynamics of the newborn cells since maturation. For the study of the 
neuronal functions in the immature stages, earlier neuronal marker such as prox1 can 
be employed as the promoter. In the transduced cells, ChR2/NpHR expressed all over 





Although small subset of granule cells activation were enough to elicit behavioral 
effects (Chawla et al., 2005), it is desirable to transduce as many dividing cells as 
possible, in order to elicit more pronounced behavioral effect. Multiple viral 
injections turned out to efficiently increase the number of transduced cells. However, 
considering the damages caused by infusion procedures, the time interval between 
each injection should at least allow for replacement of damaged cells. In higher-order 
species, such cell cycle is 24 hours (Holtzer et al., 1972). The infusion frequency was 
therefore decided to be every 48 hours. Another concern was the variation of 
the ages among the targeted cells due to multiple infusions. Hence, three repeats of 
viral infusion were proposed in the later on studies to ensure that the age difference of 
the transduced cells were within one week.  
To maximize the population of cells that can be manipulated during behavioral 
experiments, running or environmental enrichment were also adopted to either 







The established animal model was effective for behavioral experiments. The designed 
retroviral system can specifically target newborn neurons. Two strategies were 
considered to enlarge the pool of cells that can be transduced. One is to provide 
running wheel in animals’ housing cage, to induce activity-dependent proliferation of 
DG granule progenitor cells before viral deliveries. The other is to provide novel toys 
to enrich the living environment of the animals for the purpose of increasing the 
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survival rate of the transduced newborn cells. Viral injections were determined to 
repeat three times within a 48-hour time interval. Behavioral experiments can be 
conducted 4 weeks after first viral injection. For the optogenetic manipulation, light 
stimulation protocol (5 ms, 1 Hz) was adopted from in vitro LTP experiments, 
conducted by Tang Ning, a colleague in our lab. Therefore, in the next chapter, such 
optogenetic animal models will be tested in different behavioral paradigm. By 
switching on or off the newborn neurons, the functional implications of those neurons 























In the hippocampal dentate gyrus, new neurons are continuously generated throughout 
adulthood and integrated into the existing neuronal circuitry (Cameron and McKay, 
2001; Gage et al., 1998; Palmer et al., 1997). One remarkable feature about this 
process is that the newborn neurons can cooperatively work with the local networks 
without disrupting them. Although understanding of the process of adult neurogenesis 
has advanced to a certain extent, the exact functional implications of adult 




The predominant hypothesis on the function of the adult born neurons is that they 
play important role in learning and memory (Aimone et al., 2006; Bruel-Jungerman et 
al., 2007; Deng et al., 2010; Shors, 2004). The newborn neurons in the hippocampal 
dentate gyrus exhibit lower threshold and larger amplitude of LTP (Ge et al., 2007), 
hence are more excitable than the existing DG neurons. By the age of 4 weeks, these 
newborns neurons are suggested to be preferentially recruited into the local networks 
supporting spatial memory (Kee et al., 2007). Computational simulations provide 
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useful perspectives for understanding how neurogenesis might affect memory 
formation. Some of the models proposed that the addition of newborn neurons are 
required during the encoding of new information, to avoid severe interference with 
the previous memories (Aimone et al., 2009; Becker, 2005; Weisz and Argibay, 2009; 
Wiskott et al., 2006). According to these models, new neurons are more plastic in 
processing new information, compared to existing neurons. This is supported by the 
findings that hippocampal-dependent learning leads to increase in the number of new 
neurons (Gould et al., 1999a), and more newborn neurons are required for more 
difficult tasks (Curlik and Shors, 2011; Dalla et al., 2009).  
Associative learning is a form of learning, during which an association between two 
stimuli or an association between a behavior and a stimulus is learned. Fear 
conditioning paradigm offers a good behavioral assessment for associative learning. 
In fear conditioning, an unconditional stimulus (US), i.e., electrical shock, is 
associated with a conditioned stimulus (CS), i.e., tone, odor, context, or any form of 
combination. If the associative learning is successful, animals will predict the aversive 
events when re-exposed to the same CS, and therefore exhibit conditional response 
(CR), i.e., freezing.  
There are several types of fear conditioning (Fig. 5-1). Contextual fear conditioning is 
the simplest form of fear conditioning. The environment, where the animals received 
electrical shock, is regarded as CS. In cued fear conditioning, tone is presented and 
co-terminates/paired with a shock, while in delay fear conditioning paradigm, the 
shock is delivered immediately after the tone. For trace fear conditioning, a certain 
time interval is introduced between tone and shock. Such design adds additional 
complexity to the delay fear conditioning, because a temporal relationship between 
the two stimuli has to be built (Curzon et al., 2009). These four types of fear 
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conditioning can elicit strong conditional responses, because the CS serves as a 
predictive signal that the US is about to occur. However, for the backward fear 
conditioning, the CS happens after US, serving as a rather safe signal that the US has 
ended. Therefore in the backward fear conditioning, the conditional response tends to 
be inhibitory. This protocol is commonly adopted as a control to verify whether the 




Fig. 5-1 Schematic presentation of various types of fear conditioning 
 
Amygdala plays an important role in fear elicitation, especially predominantly in cued 
fear conditioning (Marschner et al., 2008; Rogan et al., 1997). Contextual and trace 
fear conditioning require involvement of hippocampus. Animals subjected to focal X 
irradiation at the hippocampal neurogenic region showed impaired performance in 
contextual fear conditioning and trace conditioning, but not cued conditioning (Saxe 
et al., 2006). These results are similar to the impaired performance caused by the 
whole hippocampal lesions (McEchron et al., 1998; Quinn et al., 2002). It is therefore 
possible that the newborn cells are probably the main contributors to hippocampus 




However, in some other investigations, inconsistent results were found with the same 
behavioral paradigm (Deng et al., 2009; Dupret et al., 2008; Kitamura et al., 2009; 
Shors et al., 2002; Zhang et al., 2008). Except for the difference in the experimental 
details, such as the intensity of CS and ablation methods adopted, the discrepancy of 
these data may actually imply diverse function of newborn neurons in different 
maturation stages. For examples, with the same GCV induced genetic ablation of 
neurogenesis, mice tested 1 week after the treatment behave similarly as control mice 
in contextual fear conditioning (Deng et al., 2009), while the ones tested 6 weeks after 
the treatment showed deficits in freezing (Denny et al., 2012; Saxe et al., 2006). 
Because DG cells are generated continuously, DG cells of a variety of ages co-exist in 
the adult DG throughout life cycle. Selective manipulation on cells within the same 
age will help to dynamically illuminate the function of newborn granule neurons.  
 
1.2. Pattern separation 
	
Recently, great attention has been paid to the role of the dentate gyrus in pattern 
separation (Clelland et al., 2009; Leutgeb et al., 2007; McHugh et al., 2007; Myers 
and Scharfman, 2011; Sahay et al., 2011). In computational models, pattern 
separation is a computational process in which the representation of similar inputs is 
adjusted to more orthogonal patterns with corresponding alignments, in order to 
distinguish from each other (Lee and Solivan, 2010). Such process is imperative to 
clearly show neural alternation caused by new encoding activities, without worrying 
about interferences from existing patterns.  
A model has been developed by Aimone et al., in an attempt to illuminate the 
functions of DG neurogenesis. According to the model, neurogenesis affected the role 
98	
	
played by DG in the process of pattern separation (Aimone et al., 2006, 2009). 
Several assumptions were made. Firstly, newborn neurons carried the temporal 
features of new memories. Such mechanism guaranteed that similarity could be 
observed in memories learned simultaneously (Aimone et al., 2009). Secondly, 
newborn neurons facilitated the encoding process of temporal information, 
attributable to their elongated maturing period of excitability. Thirdly, new neurons 
added through experiences generated a DG network suitable for distinguishing new 
memories for novel contexts from those for familiar contexts. This model suggested 
that when subset of immature granule cells first involved in certain learning, they 
would preserve the trace of that learning and use it for representing some aspects of 
novel contexts if required. The third assumption to some extent explained experience-
dependent increase of neurogenesis, such as environmental enrichment. And also, it 
implied that subset of mature neurons should have behavior implications in pattern 
separation as well. 
In behavior, pattern separation is the ability to differentiate similar but not identical 
events. The extreme sparse projection pattern (Chawla et al., 2005) from DG to CA3 
was primarily the physiological fundament in the pattern separation theory.  A high 
resolution MRI analysis in human proved that brain activity consistent with a strong 
bias toward pattern separation was observed restricted to the CA3/dentate gyrus 
(Bakker et al., 2008), indicating crucial role of dentate gyrus and its projection to the 
CA3 in pattern separation. During pattern separation, DG cells are more actively 
involved than CA3 cells, especially when the need to discriminate more similar events 
arises. Yet, cell populations in CA3 are selected when the separation occurs between 
two much different events (Leutgeb et al., 2007). Depletion of Dcx+ immature 
neurons in the adult dentate gyrus led to deficit of performance in pattern separation 
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at smaller separation (Clelland et al., 2009). This finding specifically pointed out the 
importance of the DG newborn neurons in DG dependent pattern separation.  
The ability of pattern separation can be tested with several behavior paradigms, such 
as hole-board maze (Gilbert et al., 2001) and touch screen location discrimination 
(Clelland et al., 2009). The method of creating similar events is by altering the spatial 
separation of two identical objects, with one links to reward and the other to no 
reward/punishment. The percentage of correct choice (choose reward) or the number 
of trials required to reach certain criterion (i.e., 75% correct choices) provide 




To summarize, previous findings suggest involvement of adult born DG neurons in 
learning and memory, and pattern separation. Computational models were established 
for understanding the function of neurogenesis. However, experimental and technical 
limitations, which may lead to nonspecific manipulation or inconstant alteration of 
neurogenesis, have resulted in discrepancies in the data from many of the behavior 
paradigms previously studied.  Moreover, without reversible and temporal control of 
adult born neurons, distinct functions of newborn cells at different developmental 
stages cannot be assessed.  
Therefore in this Chapter, the optogenetic models established in Chapter 4 were used 
to study the contribution of adult born DG neurons in associative learning and pattern 
separation. With this advanced approach, instant control was realized in freely 
moving animals. For the functional study in associative learning, contextual fear 
conditioning, trace conditioning, and cued conditioning tasks were performed. To 
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demonstrate roles of adult born neurons in pattern separation, the touch screen 
location discrimination task and hole board maze were conducted. Performances in 
different behavioral paradigms were analyzed to address functional emphasis of adult 
born neurons aged from 5 weeks to 24 weeks. During behavioral assessments, light 
stimulation was only provided to interfere with the associative learning, i.e. 
acquisition process in fear conditioning, and the process of pattern separation, i.e. 











250g male SD Rats were initially housed in pairs in a 12-h light/dark cycle (lights on 
at 7:00 A.M.) with water and rodent chow freely available. Simple environment 
enrichment was provided to one batch of animal to increase the rate of neurogenesis. 
Different enrichment objects were introduced into the cage and changed every week, 
including nylon bones, wooden blocks and shepherd huts, till the end of experiment. 





After one week environmental enrichment or running, rats were subjected to cannula 
implantation. Surgery procedures and cannula implantation were the same as 
previously described in Chapter 4, section 2.5. 
Given one-week recovery time, rats were anaesthetized with inhalational isoflurane. 
Environmental enriched rats were divided into two groups, one received M-C virus 
transduction and the other received M-N virus transduction. Running rats were 
infused with M-N3.0 virus. 0.5 l of virus was infused bilaterally into both DGs by 
Syringe Pumps (WPI, FL, USA) at a rate of 0.05 l/min, and infusion insert were 
maintained in position for extra 5 minutes before withdrawal. Viral delivery was 






Environmental enriched animals subjected to M-N or M-C viral injections were 
assigned for this task. Training/acquisition on the contextual fear task was conducted 
4 weeks after the last virus injection, which allows maturation of transduced newborn 
neurons. Training was performed in conditioning boxes (TSE) housed inside a 
soundproof chamber. A house light supplied dim illumination inside the chambers. 
Foot shocks were administered through a metal floor grid. The conditioning apparatus 
was controlled by the experimenter with software (Fear Conditioning software, TSE) 
running on a PC computer. To establish context conditioning, each rat was placed 
inside the conditioning box for 3 min before receiving a foot shock (1mA, 2s). The 
rats were left inside the conditioning box for 2 min after receiving the foot shock and 
were then returned to their home cage. To measure the contextual fear response, rats 
were repeatedly exposed (2, 24 and 48 h after the foot shock) to the conditioning box 
and the freezing response induced by the context was measured for 5 min. No shock 
was given during the retention tests. The effects of light stimulation were examined in 
the same group of animals using a counterbalanced design.  Animals were pseudo-
randomly assigned to lights on/off conditions and tested in two different contexts (A1 




The trace fear conditioning protocol was adapted from Wiltgen et al. (Wiltgen et al., 
2005). Acquisition on the trace fear task was conducted after contextual fear 
conditioning task with the same groups of animals (6 weeks after the last virus 
injection). Apparatus and control were similar to what was described in the contextual 
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fear conditioning section. Conditioning boxes were cleaned with a 70% ethanol/ 2% 
acetic acid solution (see in table 5-1) and pans containing a thin film of the same 
solution were placed underneath the grid floors. The tone test was conducted in novel 
boxes (C2 and D2) that were different from the conditioning boxes (A2 and B2). 
These boxes had a Plexiglas floor and were dimly lit by a coloured light bulb. Prior to 
the tone test, the boxes were cleaned with a 10% solution of vanilla/ lemon essence.  
To establish trace conditioning, the rats were placed in the conditioning context and 
allowed to explore for 3 min before the onset of the tone (20 sec, 80 dB, 2800 Hz). 
Tone termination and shock (1 sec, 1 mA) onset were separated by a 20-sec interval 
(trace interval). Rats received five conditioning trials, each separated by a 200-sec 
inter-trial interval (ITI). The rats were removed from the conditioning boxes 2 min 
after the last shock presentation and returned to their home cages. Then, 24 hours later, 
the rats were placed back in the original conditioning box (A2 and B2) for an 8-min 
context test. After that, the rats were placed in the novel context for a tone test. The 
tone test consisted of a 3-min baseline period (BL) followed by three 20-sec tone 
presentations. Each tone presentation was separated by a 220-sec ITI. The effects of 
light stimulation were examined in the same group of animals using a 
counterbalanced design.  Here, the animals were pseudo-randomly assigned to lights 





Running rats with M-N3.0 viral injections were tested in this experiment. 
Training/acquisition on the cued fear task was conducted 9 weeks after the last virus 
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injection. Training was performed in the same conditioning boxes (TSE) described 
previously. Each rat was placed inside the conditioning box for 2 min (pre-
conditioning baseline) without tone stimuli. After the 2-min exploratory baseline 
period, three repeats of tone (20s, 80 dB, 2800 Hz) and immediate foot shock (1mA, 
1s) paring were given with interphase intervals (70s), to assess acquisition of the 
contextual fear conditioning. Then they were left inside the conditioning box for 
additional 2 min before being removed from the box. Freezing in response to context 
and tones were measured separately 4, 24, and 48 hours after acquisition. In the 
following retention tests, animals were first introduced into the same context box (A3 
or B3) for 5min to measure the freezing due to context, and then one hours later, 
exposed to 60s continuous tones in a different context (C3 or D3) to measure the 
freezing due to tones. No shock was given during the retention tests. Light stimulation 
was only carried out during the acquisition phase. Light stimulation (5ms pulse 
duration; 1Hz) began as soon as the animal was placed in the box and stopped when 
animal was removed. The effects of light stimulation were examined in the same 
group of animals using a counterbalanced design. Animals were pseudo-randomly 
assigned to lights on/off conditions tested in two different contexts (A3 and B3) on 
two consecutive weeks. 
 
2.6. Description  of  contexts  that  have  been  used  for  the 
experiments and analysis  
	
To create distinct context, several factors were manipulated and table listed detailed 





Table 5-1. Description of different contexts used in fear conditioning tasks 










A1 70% ethanol On Off Metal grid No On White square carrier 
B1 2% acetic acid Off On Metal grid Yes Off Black cylindrical carrier 
Trace fear 
conditioning 
A2 70% ethanol On Off Metal grid No On White square carrier with bedding 
B2 2% acetic acid Off On Metal grid 
Cues on plastic 
holder Off Black cylindrical carrier 
C2 10% vanilla essence Green Off 
Plexiglas 
floor No On Blue box with bedding 
D2 10% lemon essence Red Off 
Plexiglas 
floor 
Cues on plastic 
holder Off Blue box with bedding 
Cued fear 
conditioning 
A3 70% ethanol On On Metal grid No On White square box with bedding 
B3 2% acetic acid On On Metal grid Black Off Black cylindrical carrier 
C3 10% vanilla essence Red On 
Plexiglas 
floor 
Cues on plastic 
holder Off Big blue square box 




outside walls On 
White square box with 
paper sheets inside 
 
 
The conditioning and retention tests were videotaped for subsequent verification. 
Freezing was measured and was defined as a species-specific defensive response, 
involving a stereotyped crouching position and an absence of movements, except for 
those associated with respiration. Freezing in response to the context in which fear 
was previously experienced provides a behavioral estimation of contextual learning. 




Running rats went on with touch screen location discrimination task after finishing 
the two-weeks cued contextual fear conditioning task. Training was performed in 
Bussey Rat Touch Screen Chamber (Campden Instruments Ltd., UK) and all activities 
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including light, sound, food delivery etc. were controlled through a PC that had been 
installed with ABET II software. Animals were food deprived throughout the whole 
experimental schedule. All rats completed sequential training procedures, including 
habituation (H), initial touch training (IT), must touch training (MT), must initial 
training (MI), punish incorrect touches training (PIT) and criteria were reached for 
each training before processing with the next training. In order to adapt to the touch 
screen system, animals were first habituated to the chamber (H), and learnt to nose 
poke the displayed stimulus in order to get rewarded with food pellets (IT and MT). 
They next learnt to initial trials themselves by nose poke and exit the reward tray in 
10s inter trial interval to initial the display of next image and accomplished 100 trials 
in 60min (MI). During PIT, house light was inverted and no reward was given when 
animals touched the opposite side of the screen to the stimulus. Criterion for this stage 
was that animals needed to achieve 80% correct on two consecutive days and 
meanwhile complete 100 trials within 1 hour. Subsequently, they were tested for 
location discrimination. Intermediate separation (separation 3 windows) was selected 
for training. Once 7 out of 8 trials have been correctly responded to, the correct 
position was reversed. The purpose of this was to allow the rat to complete multiple 
discriminations per session to facilitate learning.  Rats were given 60 trials per 60 min 
session. Unlimited reversals were allowed and they were given task training until they 
were able to complete to criterion with at least one reversal for 3 of 4 consecutive 
days. Thereafter, they continued to probe trials. Two spatial separations were tested-1 
window apart and 5 windows apart, corresponding to two levels of difficulty-difficult 
and easy. Number of trials needed to reach two successful reversals in 60 min was 
compared. The experiment was counterbalanced designed and each rat performed 
double alternating sessions of each separation.  
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Light stimulation was only carried out during the probe trial. Light stimulation (5ms 
pulse duration; 1Hz) was presented for 20s after the initiation of each trial. The effects 
of light stimulation were examined in the same group of animals using a 
counterbalanced design.  Here, the animals were pseudo-randomly assigned to lights 
on/off conditions tested in two different difficulties and two different starting 




After touch screen location discrimination task, animals proceeded to the hole board 
pattern separation task. The test apparatus was designed as described in Gilbert et al 
2001. Cues were provided on the surrounding walls. A delayed-match-to-sample for 
spatial location task was used to assess spatial pattern separation. Each animal 
received 16 trials per day. Each trial consisted of a sample phase followed by a choice 
phase. During the sample phase, a randomly positioned object covered a baited food-
well in one of 18 spatial locations along the centermost row of food-wells 
perpendicular to the start box. The rat was brought from cage to the board with a dark 
start box, and the animal was allowed to exit the box, displace the object to receive a 
food reward, and then return to the box. The same food-well was quickly re-baited, a 
second identical object was placed to cover the food-well, and a third identical object 
was placed in a different location along the row of food-wells covering a different 
empty food-well. On the choice phase, the animal was allowed to choose between the 
two objects. The object that covered the same food-well as the object in the sample 
phase was the correct choice, and the second foil object was the incorrect choice. Five 
spatial separations, 1, 2, 4, 8, 16 holes, corresponding to 9.2, 18.5, 27.1, 45.1, 63 cm, 
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were randomly used to separate the correct object from the foil object. During probe 
experiments, each time a particular spatial separation was presented, the distance 
between the two objects was held constant; however, the position of the correct object 
relative to the foil object was counterbalanced with regard to left vs. right and closer 
vs. further with respect to where the animal entered across all separations. All 
separations were used to train animals to become familiarized with the experiment 
and animals had to achieve 75% mean correct choices for each separation before 
moving on to the full experiment. During full experiment, light stimulation was 
carried out in sample phase. And separations were randomly tested, and light 




For behavior, multimode optical fibers (NA 0.37; 200 μm core) were precisely cut to 
the optimal length for maximizing the volume of the DG receiving light. To ensure 
stability of the fiber during testing in moving animals, an internal cannula adapter was 
glued to the stripped optical fiber. The rodents were gently restrained while the fiber 
was inserted. The internal cannula adapter snapped onto the cannula guide and the 
bottom half of the plastic portion of a dummy cannula was also used to ensure the 
adapter remained connected to the top of the cannula guide. For optical stimulation, 
the first batch of animals (subject to contextual fear conditioning, trace fear 
conditioning) were receiving light stimulation from a 593nm high intensity light 
emitting diode (LED) for the NpHR transduced animals and 470nm LED for the 
ChR2 rats. The fiber was coupled to the LED through a glass pipette, which contains 
index-matching gel. LED output was controlled with a LED driver and Signal 3.0 
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program (CED) through the Micro1401 data acquisition unit (CED) at 0.5ms pulse 
duration, 1Hz frequency. For the second batch of animals (runners assigned to cued 
fear conditioning task and location discrimination task), the patch cords were coupled 
to a 561nm high power DPSS laser (50mW output) via a 1x2 rotary fiber optic joint. 
Pulses were controlled with a shutter system. For optical stimulation, Animals were 
gently restrained for connection of patch cords to the implanted cannula via a zirconia 
sleeve.  
During all fear-conditioning experiments, light stimulation was only carried out 
during the training/acquisition phase. Light stimulation began as soon as the animal 




The conditioning and retention tests were videotaped for subsequent verification. 
Freezing, which was defined as a species-specific defensive response that involves a 
stereotyped crouching position and an absence of movements except for those 
associated with respiration, was measured. Freezing in response to the context in 
which fear was previously experienced provides a behavioural estimation of 
contextual learning. We monitored freezing continuously during the 5 min retention 
test. Cumulative values of freezing were expressed as the percent of time during 
which rats exhibited freezing responses over the total time (5 min).  
To verify the phenotype of cells, rodents were anaesthetized with an overdose of 
sodium pentobarbital and transcardially perfused with ice-cold 4% paraformaldehyde 
in PBS (pH 7.4). Brains were fixed overnight and then equilibrated in 30% sucrose in 
PBS. 40 μm-thick coronal sections were cut on a cryostat and collected on glass slides 
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and stored at 4°C. Sections were rehydrated and stained with anti-GFP conjugated 
488 followed by coverslipping using prolong-anti-fade mounting medium containing 
DAPI to visualize the fluorescence signal from eYFP transgene expression and verify 
the implantation track at the dentate gyrus. Double staining with CaMKII was 














































The overall experiment schedules were summarized as in Fig. 5-2. Two batches of 
animals were subjected to various behavior experiments. For the first batch of animals, 
they all received simple environmental enrichment from the habituation till sacrifice. 
They were divided into two groups, i.e., ChR2 group (n=6), which have been 
transduced with MSCV-C; and NpHR group (n=7), with NpHR transduction. They 
have gone through contextual fear conditioning and trace fear conditioning tests. The 
experiments were conducted 4 weeks after the last viral injection. Therefore, the DG 
neurons tested in this batch of animals were young mature neurons, aged between 4 to 
8 weeks. Each fear conditioning task lasted for two weeks. Rats were randomly 
assigned to light stimulation in one of the two weeks, and counterbalanced within 
groups. Four normal control rats were tested in contextual fear conditioning task to 
verify the effectiveness of the fear conditioning protocol. They received gentle 
restrains as the experimental animals before each acquisition and retention test.  
The second batch of rats (n=7) was housed in cages with running wheels. They were 
subjected to MSCV-N3.0 viral infusion, and were tested in cued fear conditioning 
paradigm, and followed by a touch screen location discrimination task, and then hole 
board pattern separation experiment. It was not our first intention to study the 
function of elderly neurons, however due to experimental delay, the age of DG born 
neurons in these animals were from 10 to 24 weeks old. Four rats with optical fiber 
implantation and without any viral infusion were used as implanted controls in the 
touch screen and hole board task. The light stimulation assignments were the same as 











Contextual fear conditioning provides a behavior paradigm to test for associative 
learning of fear in a particular context. Animals of batch one were tested in this 
paradigm (Fig. 5-3 (1)). Foot shock as well as the light stimulation was administered 
only in acquisition phase. Rats were re-introduced to the same environment for 2 
hours, 24 hours, and 48 hours retention test. Freezing behaviors in the acquisition 
phase was separated to two parts, i.e., baseline freezing and post shock freezing. The 
comparison was carried out along five time points, i.e. baseline, post shock, 2 hours, 
24 hours, 48 hours, in the same group of animals between the two different learning 
experiences, i.e., normal learning (no light stimulation) and interfered learning (light 
stimulation). 
The strongest fear response was found 2 hours after fear acquisition. And then 





learning phase 24 hours later, and contextual fear started to extinct after 48 hours (Fig. 
5-2). In NpHR transduced animals, when yellow light stimulation was provided 
during fear acquisition, which inactivated the transduced cells, freezing responses at 2 
hours retention test was significantly reduced (NpHR-On) (Fig 5-3 A, two-tailed 
paired t-test: p<0.05). This result implied that associative learning in the contextual 
fear conditioning paradigm required participation of young mature DG neurons. In 
ChR2 transduced animals, activation of the young mature neurons did not affect their 
performance in contextual fear conditioning task (Fig. 5-3 C). However, there was a 
trend that light activation of the young mature neurons prolonged the context-induced 
fear response, as percentage of freezing at the 48 hours retention time point was still 
relatively high (Fig. 5-3 C). 
Neither the viral transduction nor the implantation procedures affected normal fear 
elicitation in this behavior paradigm. Transduced animals, when received no light 
stimulation, had similar fear response as normal control rats (Fig. 5-3 B, D), 












     
 
Fig. 5-3 Results from contextual fear conditioning task. The contextual fear conditioning protocol 
was illustrated at the top of the figure (1). Light stimulation, if required, was only given in the 
acquisition phase. Effect of light stimulation on (A) NpHR transduced neurons; (C) ChR2 transduced 
neurons in contextual fearing conditioning. Data=MEAN±SEM, n=7 in NpHR group; n=6 in ChR2 
group. (B, D) When there was no light stimulation, the transduced animals behaved normally as normal 
animals, in the contextual fear-conditioning task. ‘On’ means activation of the opsin proteins. In ‘on’ 
situations, NpHR transduced rats received yellow light stimulation, which inhibited the young mature 
neurons, while for the ChR2 transduced rats, blue light was applied to activate the targeted neurons. 

































































































































3.2. Young  mature  neurons  were  important  for  trace  fear 
conditioning acquisition  
	
In trace fear conditioning paradigm, tone and shock were separated by a short time 
interval, hippocampal neurons were believed to be involved in this behavior task for 
establishing temporal relation between the stimuli. The retention test was carried out 
on the next day after acquisition (24 hours). The experimental protocol was shown in 
Fig. 5-4 (1). 
In the test phase, to separate from the background fear induced by the fear acquisition 
context, the associative learning of tone-trace-shock was measured in a completely 
different conditioning box (Table 5-1). Animals were re-exposed to the same series of 
tone, trace, inter trial interval in a new context. The baseline freezing estimated 
natural response to a neutral evironment. And average freezing in each tone, trace, 
and inter trial interval were analyzed. To measure the fear in response to the orignal 
context where shock was delivered, animals were re-exposed to the same conditioning 
box as in the learning phase, and fear response were measured. 
After an disrupted learning (with yellow light stimulation in the acquisition phase), 
NpHR transduced animals exhibited reduced freezing in both tone and trace phase 
(Fig. 5-4 C) (p<0.05, one-tailed paired t-test), implying that inhibition of young 
mature DG neurons declined the tone-trace-shock association. The significance was 
only obtained by one-tailed paired t-test but not two-tailed t-test. With regard to the 
context-induced fear response, there was a trend that inhibition of the young neurons 
attenuated fear memory (Fig. 5-4 A), which is consistent with the results obtained at 
the 24 hours retention test in the previously conducted contextual fear conditioning 
experiment (Fig. 5-3 A).  
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When compared fear response in the fear acquisition context with baseline freezing in 
a distinct neutral environment, there were no significant differences even under lights 
off condition (Fig. 5-4 B),  indicating that the two contexts were to certain 
undifferentiable to the animals.  
As for ChR2 transduced animals, learning experience made no significant difference 
in both context and tone-trace tests (Fig. 5-4 A, D). A feasible explaination would be 
that those young neurons were as well activated under ‘off’ conditions, therefore, 
light activation did not  further improve their behavioral performance. 
 
 
Fig. 5-4 Results from trace fear conditioning task (1) trace fear conditioning protocol, red line 
indicated that the experiment was conducted in a different context. Data from the retention tests that 
were carried out 24 hours following trace fear acquisition. (A) Mean (±SEM) percent freezing for 
ChR2 (n=5) and NpHR (n=5) transduced rats during the context test. (B) Mean(±SEM) percent 









































percent freezing for NpHR transduced rats during each period of the tone-trace test. (D) Mean (±SEM) 
percent freezing for ChR2 transduced rats during each period of the tone-trace test. ‘On’ meant 
activation of the opsin protein. In ‘on’ situations, NpHR transduced rats received yellow light 
stimulation, which inhibited the young mature neurons, while for the ChR2 transduced rats, blue light 
was applied to activate the targeted neurons. ‘Off’ meant no light stimulation was given. *p< 0.05.  






3.3. Mature  neurons  was  important  for  contextual 
differentiation 
	
Cued fear conditioning task included both contextual conditioning and tone 
conditioning. Specific responses of 9- to 11- week adult born DG neurons in each of 
the conditioning were analyzed in present study, attempting to assess if there was 
functional emphasis of neurons of this age in associative learning. The advanced 
version of NpHR-NpHR3.0 was applied, which has prolonged inhibitory effect upon 
light illumination (Liu and Tonegawa, 2010). 
The retention tests were carried out 4 hours, 24 hours, and 48 hours after acquisition. 
The general protocol was illustrated in Fig. 5-5 (1). To differentiate tone-induced 
freezing and context-induced fear, tone-induced fear was measured in a novel context. 
Such design also ruled out the possibility that the observed freezing in the fear 
acquisition context was arbitrary. During this test, freezing in the first 2 minutes 
estimated fear in response to the distinct context, whereas freezing in the following 1 
minute, when tone stimulus was delivered, correlated to tone-induced fear.  
The mature neurons did not have significant influence on tone conditioned fear (Fig. 
5-5 B), neither on fear context induced fear (Fig. 5-5 A). The percentage of freezing 
after shock in the learning phase was quite high (~60%), comparing to that in the 
previous contextual fear conditioning (~30%). This is probably due to the repeated 
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paired tone-shocks in cued fear conditioning protocol. Tone-generated percentage of 
freezing was as high as 80%, and the dynamic curve was almost flat along the three 
time points (Fig. 5-5 B), suggesting that tone-fear association maintained strong even 
48 hours after fear conditioning. This result proved that tone was a very robust 
stimulus in fear conditioning, and DG mature neurons were not involved in tone-fear 
association.  
The arbitrary freezing levels in the neutral environment were similar regardless of 
light stimulation in the acquisition phase (Fig. 5-5 C). The fear related context was 
differentiable from the neutral context when no light stimulation was delivered to 
interfere with the acquisition, as the percentage of freezing was significantly higher in 
fear related context (Fig. 5-5 E). However, animals subjected to inactivation of the 
DG mature neurons, responded equally to fear-related context and neutral 
environment (Fig. 5-5 D), implying an impaired capability of discriminating two 
different contexts. These results indicated that animals were able to differentiate the 
context where they received electrical shock and the harmless context that was novel 
to them, providing that their initial context-fear association was successfully built. In 
the 4 hours retention test, the initial freezing in a neutral context was as high as 40% 
(Fig. 5-5 C), similar to the freezing level in post shock period as well as that after 48 
hours retention in fear acquisition context. This may imply that there was some 
arbitrary freezing in short time period after shock. However, this freezing is still 
significantly lower than that in fear acquisition context, meaning that in despite of the 





Fig. 5-5. Results from cued fear conditioning task. The cued fear conditioning experimental design 
was shown in (1). Light stimulation was only conducted in acquisition phase. Red line denoted that the 
test was carried out in a different context. All animals were transduced with MSCV-N3.0. Effect of 
light stimulation in (A) contextual fear; (B) tone responsive fear; (C) fear response in the neutral 
context. Comparison of percentage of freezing in fear acquisition context and the distinct context when 
(D) animals received light stimulation in acquisition phase; (E) animals received no light stimulation in 












After the cued fear conditioning experiments, the same batch of rats were trained for 
location discrimination task. The training took near one month before they were able 
to perform the task spontaneously. In the probe test, the big separation condition was 
regarded as easy task and the small separation was difficult (Fig. 5-6 (1)). Light 
stimulation was given for 20 s to NpHR3.0 transduced rats at the initiation of each 
trial, if assigned. The behavioral paradigm evaluated the role of DG mature neurons in 
distinguishing two adjacent locations. 
In the large separation condition (easy), light presentation did not alter the number of 
trials taken to reach complete task. When tested in a small separation condition 
(difficult), light presentation deteriorated performance (Fig. 5-6 A). This result 
implied that inhibition of the fully mature DG neurons interfered with the ability to 
perform pattern separation in similar events, but not discrimination of events with 
bigger difference. 
A group of animals (n=4) with only the cannula implantation but no viral infusions 
were used as implanted controls. They went through the training and have been tested 
under ‘light on’ and ‘light off’ conditions in probe test as well. The light presentation 
did not affect their performance in this task, indicating that light stimulation itself did 




Fig. 5-6 Touch screen location discrimination task: (1) Touch screen presentations of easy task and 
difficult level. Trials acquired to finish big (easy) and small (difficult) separation between stimuli in 
MSCV-N3.0 transduced running rats (n=6) (A); and implanted control rats (n=4) (B). *p<0.05, 







The hole board pattern separation paradigm (Gilbert et al., 2001) was also adopted to 
test for the ability of differentiating different patterns. This task was performed with 
rats of batch 2 after they finished touch screen location discrimination task. Five 
different spatial separations, indicating five different levels of similarities, were tested. 
All animals were trained to be able to achieve 75% correct choices through all 
difficulty levels before the full experiment, where light stimulation was applied in 
sample phase to interfere with the learning. 
For NpHR3.0 transduced rats, when yellow light was delivered to inhibit transduced 
neurons in the sample phase, significant decline of success rate were observed at 













































transduced adult born neurons contributed to differentiating similar events. There was 
a trend that performance in large separations was also affected. Considering the age of 
transduced neurons at that time (24 weeks old), it was possible that some of the 
mature neurons migrate to the CA1 region to participate in differentiating situations 
of larger dissimilarity. 
For implanted controls, they maintained high success rates (~80%) in all of the five 
separations without disturbance by light stimulation (Fig. 5-7, B). This result again 
confirmed that light stimulation alone did not intrude on the performance of animals 
in behavior tasks.  
 
 
Fig. 5-7. Results from hole board pattern separation: A brief illustration of sample phase and choice 
phase, e.g., 18.5 cm (2 holes) separation (1). The mean percent correct in each spatial separation in 
MSCV-N3.0 transduced running rats (n=5) (A); and implanted control rats (n=4) (B). **p<0.01, 
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Brain sections contained the implantation track were stained with DAPI for 
verification. Behavioral data from the animals with tracks placed clearly above the 
DG were included for analysis (Fig. 5-8).  
Twenty-four weeks after the last viral injection, the expression of opsin transgenes 
was presented primarily in DG (Fig. 5-9 A) and the CA1 (Fig. 5-9 B). Some 
transduced cells were on their way migrating to CA1 (Fig. 5-9 B). Expressions of 
NpHR3.0 were restricted to CaMKII positive neurons (Fig. 5-9 C). 
 
 
Fig. 5-8. Example of correct cannula track: Cannulas were implanted above dentate gyrus for light 





Fig. 5-9. Verification of expression of NpHR3.0 24 weeks after first viral injection: NpHR3.0 
transduced mature neurons (arrowheads) were migrating from DG (A) to CA1 (B) and they are co-
localized with CaMKII (C).   





This investigation addressed functional contributions of adult born DG neurons to 
associative learning, and pattern separation with novel optogenetic approaches. This 
work for the first time used an MSCV retroviral system to realize optogenetic control 
in freely moving animals. Adult born granule cells were transduced with 
NpHR/NpHR3.0 light sensitive pumps and their functions were examined in diverse 
fear conditioning paradigms and pattern separation paradigms.  
When yellow light illumination was delivered to inactivate the adult born neurons, 
short-term context-fear association, trace conditioned fear response, as well as the 
ability to differentiate fear associated context from neutral context were impaired. 
Results also suggested that mature neurons continued to contribute to distinguishing 
similar locations in the touch screen location discrimination task and hole board maze. 
Some cell migration from DG to CA1 was observed, which may explain the impaired 






Contextual conditioning is thought to induce sustained anxiety in animals as well as 
humans. In this paradigm, the US presentation does not clearly correlate with the 
beginning of a specific signaling cue (for example, tone). Hence, sustained levels of 
anxiety are attributable to chronic expectation of an unpredictable US that is of a 
threatening feature (Vansteenwegen et al., 2008). Similarly, in trace conditioning, the 
time interval introduced between the sensible signaling cue (tone) and the US, adds 
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more unpredictability to the clear onset of US. Activities in amygdala are exclusively 
observed in the predictable condition; while activities in hippocampus are limited to 
unpredictable situation (Lang et al., 2009). These outcomes suggest that hippocampus 
is uniquely involved in contextual and trace-induced anxiety. 
In present study, inhibition of young DG neurons (5- to 7-week) significantly 
attenuated freezing in short retention test. Freezing responses in later retention test, 
i.e., 24 hours, 48 hours after fear learning, were however unaffected. This result 
implied that young DG neurons were responsible for emphasizing the context-fear 
association in short time period. Inhibition of those neurons led to a plateau of fear 
response without short-term augmentation.  
Some of the previous findings, which asserted that ablation of adult neurogenesis did 
not alter freezing response in contextual fear conditioning, have overlooked the role 
of DG newborn neurons in immediate information processing. In those studies, fear 
responses were only measured at later retention time point, i.e., 24 hours after 
acquisition, and no significant difference was found (Deng et al., 2009; Pan et al., 
2012), consistent with the data obtained in present study. Through all of the three fear 
conditioning paradigms, interference with the 5- to 12-week neurons in fear 
acquisition process did not alter freezing at 24 hours retention test. Therefore, adult 
born DG neurons may play a temporary role in strengthening contextual fear 
association.  
As for trace-conditioned rats, impairment of trace freezing and tone freezing were 
observed when inactivating young DG neurons during learning. Previous findings 
using MAM or focal irradiation to ablate proliferative and immature granule cells 
suggested impaired ability for the formation of trace memories because of reduced 
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neurogenesis (Shors et al., 2001). Together with the results from this study, such 
observation may imply that immature and young mature neurons were cooperatively 
involved in the formation of trace memory. 
The effect of inhibition of young DG neuron on contextual and trace fear conditioning 
during learning was similar to that from unselective lesion of the whole dorsal 
hippocampus prior to tasks (Esclassan et al., 2009). This implied that the 
hippocampus dependent predictive fear learning may be primarily mediated by the 
young neurons (5- to 9- week old) in the dentate gyrus. This is in correspondence to 
the hypothesis proposed by one of the computational models: newborn neurons 
facilitate the encoding process of temporal information (Aimone et al., 2009). 
On the other hand, activation of ChR2 transduced cells, which were the same 
population of cells that have been inhibited in NpHR transduced rats, did not 
influence performance in either of the task. Considering that these young neurons 
were probably maintained activated during tasks regardless of the presentation of light. 
It also validated that the light stimulation protocol did not interfere with the normal 
neuronal firing. Moreover, the possibly generated heat during light illumination 
should be too minute to affect normal behavior.  
 
4.2. Adult  born  DG  mature  neurons  may  play  role  in 
distinguishing different contexts 
	
In the cued fear conditioning task, when 9- to 11- week DG mature neurons were 
inhibited during learning, there was no significant decrease of freezing in the short 
time retention (4 hours) test as previously observed with younger neurons. This may 
indicate that mature neurons were less involved in the short-term strengthening effect 
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on associative learning. However, they were still important for spatial learning, which 
enabled animals to differentiate harmful context from neutral context. An intact 
learning of the context-shock association helped to distinguish harmful context from 
neutral distinct context after 4 and 24 hours retention. Rats with disrupted learning 
failed to do so.  
However, in the trace fear conditioning paradigm, animals did not treat the neutral 
distinct context very differently from the fear associated context, although there was a 
trend that they tended to freeze less in the neutral environment. This was probably 
because that the protocol adopted for establishing trace conditioned fear was 
relatively stronger (five repeats of tone-trace-shock). Such intense protocol although 
can help to build strong trace-fear association, may inevitably cause arbitrary freezing 
to a larger extend. Another reason might be that the neutral context was not as distinct 
as it was assumed to be (see table 5-1). It would be better to conduct a generalization 
test before initiation of fear conditioning by measuring and comparing the baseline 
freezing of each context.  
 
4.3. Adult  born  DG  mature  neurons  do  not  responsible  for 
establishing  tone‐fear  association  in  cued  fear 
conditioning paradigm  
	
Manipulation on adult born DG neurons did not seem to affect tone associated fear. A 
recent investigation employed optogenetic approach to selectively induce ChR2 
expression in DG neurons that were activated during a cued fear conditioning 
paradigm. It was found that optical reactivation of these small set of DG cells was 
sufficient to elicit freezing behavior (Liu et al., 2012). It was unknown what illusion 
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those animals had when fear-responsive DG neurons were activated. But it is possible 
that the activation of this small subset of granule cells only recall fear memory that 
was associated with the context, because previous studies demonstrated that the whole 
hippocampus lesion did not affect tone associated fear recall (McEchron et al., 1998; 
Quinn et al., 2002).  
 
4.4. Adult  born  DG  neurons  may  play  roles  in  pattern 
separation 
	
In most of the animal studies as well as the computational models, immature neurons 
with larger plasticity were primarily considered responsible for distinguishing similar 
events (Nakashiba et al., 2012; Sahay et al., 2011). There was no report on the role of 
fully mature neurons in pattern separation. Although it was not our first intention to 
study on the fully mature neurons regarding its role in pattern separation, this study 
suggested some hints that these fully mature DG neurons (beyond 15 weeks) may be 
involved in the process of pattern separation. Switching off these relatively old DG 
neurons impaired performance in more difficult task in touch screen location 
discrimination. Consistently, in hole board pattern separation paradigm, inhibition of 
even older neurons caused disability of differentiating most adjacent locations, 
implying that they may still play roles in pattern separation.  
Interestingly, this batch of animals went through a cued fear conditioning task prior to 
the initiation of location discrimination training. In cued fear conditioning, the same 
subset of neurons was found to be involved in contextual differentiation (pattern 
separation). Therefore, it seemed that although lacking high plasticity, the neurons 
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with previous experience in contextual differentiation continued to be involved and 
play similar roles in the subsequent pattern separation tasks.  
Previous findings on pattern separation suggested involvement of young adult born 
neurons (Nakashiba et al., 2012; Sahay et al., 2011). It is possible that information 
processing within the dentate gyrus include a relay, in which young mature neurons 
pass information to mature neurons, and cooperatively sent sparse codes to the 
downstream CA3. However, whether this hypothesis is true or not requires closer 
examinations.  
Noticeably, these rather old rats were runners. They have been individually housed in 
a cage with free access to a running wheel. It is very likely that running largely 
increased cellular plasticity, so that even at a fully mature stage, the adult born 
neurons were still functionally very active. Therefore, this observation cannot be 




In the hole board pattern separation task, when the relatively older mature neurons (24 
weeks) were inactivated, impairments of performance were observed not only in the 
smallest separation, but also in the largest separations. Intermediate separations are 
however unaltered by light illumination. Immunostainings of the brains sections later 
showed that some of the NpHR3.0 expressed neurons were migrating and integrating 
into CA1 (Fig. 5-9). This population of neurons may be responsible for the light effect 
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on larger separations while the ones remained in the DG is responsible for similar 
pattern separation.  
CA1 and DG/CA3 have distinct roles in differentiating patterns. Leutgeb et al. 
compared ensemble codes of CA3 and CA1 in response to different context. They 
have found that in CA3, distinct subsets of pyramidal cells were activated in different 
context, regardless of the similarities among them, whereas in CA1, the activated 
populations overlapped, and the overlap increased in similar events. However, when 
exposed to a novel context, CA1 ensemble activity was much faster than that in CA3 
(Leutgeb et al., 2004). This implied that sparse encoding in CA3 was important for 
pattern separation and CA1 neurons were much active when facing distinct contexts 
(Lacy et al., 2011). This feature of CA1 neurons is thought to associate to pattern 
completion, which refers to reestablishment of an entire previously stored pattern in 
response to partial or degraded input (Vazdarjanova and Guzowski, 2004).  
Yet, it is still uncertain what and where is the interphase that brain activity biased 
from pattern separation to pattern completion. The intermediate separations, which 
did not seem to be affected by light inactivation in the hole board maze, may be 




Continual adult neurogenesis supplied the pool of DG granule cells. Questions were 
raised regarding the fate of both the newborn and old DG cells. Current computational 
models provide some interesting insights on this question. There were mainly two 
classes of models regarding the functional implications of neurogenesis in learning 
and memory, i.e., the ‘replacement model’ and ‘addition model’, reviewed by Deng et 
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al. (Deng et al., 2010). The major distinction of them was how they implement the 
process of neurogenesis into the model. The replacement models suggested that the 
role of DG was limited to encoding but not retrieval, and by replacing old granule 
cells, new neurons were participants in various learning paradigm (Becker, 2005). In 
addition models, however, old mature neurons were preferentially recruited for 
specific cases that they experienced when they were young (Aimone et al., 2009). 
Such models included the important concept of pattern separation for more effective 
discrimination on similar events. 
Results in present study favored the addition models. Young mature neurons seemed 
to be actively involved in various learning activity. Mature neurons, which were 
demonstrated to initially play role in context differentiation, continued to participate 
in the process of pattern separation even at the age of 24 weeks.  
Based on the present study, at first glance, functional dynamics seem to be suggested. 
Young mature DG neurons (4-8 weeks) are primarily important for associative 
learning, while more mature neurons (9-11 weeks) seem to be less involved in 
associative learning and their roles have shifted towards context differentiation 
(pattern separation). Fully mature neurons (16-24 weeks) continued to contribute to 
pattern separation. However, as the experiments were carried out on two batches of 
animals, the variation between groups was unknown, especially when various 
strategies were adopted in the beginning to increase hippocampal neurogenesis. 
Simple environmental enrichment and voluntary running could have distinct 
influences on newborn neurons. For example, they may change cellular plasticity to 




A few more improvements can be made to further validate these findings. For 
examples: 1) although normal animals and implanted animals were used as control for 
both surgery and light stimulation side effect, a better control would be a construct 
control, i.e., MSCV-CaMKII-eYFP transduced animals. 2) It was better to confirm 
the time course behavioral change within the same group of animals or at least in 
animals that had the same experience. 3) In order to obtain a wider time frame to 
dynamically trace the function of neurogenesis, proteins that expressed at earlier 
stages of neurogenesis, such as Prox1, could be employed as prompter to control the 
expression of opsin genes.  
Besides temporal functional dynamics, in future, spatial functional dynamics of adult 
hippocampal neurogenesis can also be assessed with optogenetic control. Lights can 
be specifically delivered to either the dorsal DG or the ventral DG to check for 




The present work used novel optogenetic approaches to achieve precise manipulation 
of adult born cells in the rat dentate gyrus. This study provided direct evidence to 
show that young mature DG neurons were important for fear associative learning in 
contextual conditioning and trace conditioning paradigms. Using a batch of running 
rats, there were also results implying that fully mature DG neurons (16-24 weeks) 
played important roles in pattern separation. Moreover, some of the old mature DG 
neurons migrated to the hippocampal CA1 and were possibly involved in pattern 
completion. With optogenetic control, the intrinsic perturbation on adult born neurons 
was selective, which is a major advantage over the traditional manipulations. 
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Chapter 6  
Overall discussion and conclusion 
	
Hippocampus is a crucial brain structure responsible for learning and memory. The 
dentate gyrus within the hippocampus has unique ability of continuously generating 
new cells in adulthood, hence is believed to have important roles in hippocampal 
functions. There have been growing interests in the hippocampal neurogenesis for its 
implications in the pathology of disorders such as Alzheimer’s disease, epilepsy, 
depression and schizophrenia (Small et al., 2011) as well as other neurodegenerative 
diseases. Understanding the mechanisms and functions of hippocampal neurogenesis 
will ultimately contribute to paving the way of therapeutic development in various 
brain diseases. This thesis aims at studying the mechanisms and functions of adult 
hippocampal neurogenesis.  
In Chapter 3, the contribution of hippocampal field activity theta oscillation to the 
proliferation of adult born DG progenitor cells was thoroughly studied. Running is a 
robust inducer that can result in substantial proliferation of DG progenitor cells. The 
results in this study suggested an underlying mechanism how running regulate 
neurogenesis. Shh was identified to be responsible for running mediated neurogenesis. 
Its release from the septohippocampal pathway to the DG requires hippocampal theta 
oscillation. This special field activity may be the main reason why running-elevated 
neurogenesis occurs restrictedly in the hippocampal neurogenic niche but not the 
other niche-the olfactory bulb. 
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In the next part of the thesis, investigations were carried out to study the behavioral 
functions of adult born neurons. Functions of adult born neurons were largely 
unknown primarily because of technical limitations that intrinsic manipulations were 
never entirely specific to neurons. Moreover, reversible manipulation on specific cell 
type was difficult to realize. Hence in chapter 4, the optogenetic animal models for 
the neurogenesis studies were established. In these animal models, the MSCV 
retroviral expression system under the control of the neuronal specific promoter 
CaMKII was used. Actively dividing cells at the time of the viral injection were 
selectively transduced and only the ones that were becoming neurons would express 
the light sensitive proteins. With such design, light activation/inactivation was 
restricted to adult born neurons in the dentate gyrus. Behavior experiment can hence 
be carried out after the expression of photosensitive proteins started.  
Chapter 5 focused on investigating the functional implications of the adult born 
neurons. Various hippocampal-dependent behavioral experiments were conducted on 
the optogenetic rat models. Animals exhibited impaired associative learning without 
the participation of young mature neurons. These neurons were suggested to be 
primarily important for building up strong short-term fear association. In another 
group of NpHR3.0 transduced running animals, the fully mature neurons seemed to 
be important for pattern separation. When the subset of mature neurons migrated to 
the hippocampal CA1, they adapted CA1 functions and may be involved in 
differentiate events with larger dissimilarities.  Although the adult born mature 
neurons investigated were of various ages, it is debatable to combine the results to 
establish time course of functional emphasis of the adult born neurons. The running 
increased cellular plasticity should also be taken into consideration. Nonetheless, this 
study presented direct and definite proof that adult born neurons contribute to 
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behavioral functions because the internal manipulation, unlike conventional methods, 
was exclusively selective to newborn neurons with the optogenetic approach. Plenty 
of questions regarding the function of adult neurogenesis can be addressed with the 
established optogenetic model. 
The ultimate goal of science is to apply scientific knowledge to clinical or industrial 
applications. Hence, in the last part of my thesis, I would like to explore how the 
present findings could contribute to applications.  
The hippocampal theta oscillation was involved in many physiological activities. 
Altered theta rhythm was observed in Alzheimer’s disease (Montez et al., 2009), 
depressive disorders (Linkenkaer-Hansen et al., 2005), and schizophrenia (Schmiedt 
et al., 2005). Deep brain stimulations may help to alleviate symptoms by 
synchronizing hippocampal theta oscillation. Shh signaling pathway played important 
role in promoting progenitor proliferations. Shh could hence be a drug target in cancer 
treatment or supplement for neurodegenerative disorders treatment. Optogenetic 
approach is a promising technique that could lead neuroscience researches to a brand 
new stage. It can be applied in many ways to understand the pathology of diseases. 
Knowing the function of adult born neurons can contribute to more specific 
therapeutic designs for a particular behavioral abnormality.  
It is hoped that the studies here have revealed some molecular mechanisms of adult 
hippocampal progenitor proliferation and behavioral functions of the adult born 
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